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SUMMARY 


A conceptual design for a two-phase flow experiment for Spacelab was prepared. The 
NASA-mission applications were. defined and a scientific justification for the study was 
established. An experimental test apparatus is described; the prime component being 
a tubular fused quartz test section selected for visual observation. The definition of 
flow-regimes and pressure drop will be achieved with an air-water fluid system whfle 
fhelieat transfer data will be taken in the s;une test configuration using only Freon-11. 
The apijaratus witli pump, separator, storage tmik and controls is mounted in a double 
Spacelab rack. Otlier study achievements included a definition of supporting hardware, 
procedures, measured variables :md pi-ogram costs. 

The proposed e.XjDeriment is to be performed in the early 1980's. A search of the 
literatui'e revealed many N.AS.A missions in the remainder of this century which can 
benefit from improved design data for two-phase flow in reduced-gravity. 7’he 
applications include propulsio)i, automated spacecraft, power generation, exijeriment 
support and life support systems. The propulsion applications constitute the major 
volume user. Cryogenic storage in space ;md advanced cryogenic volviclcs are major 
applications in this area. Strace power stations which use the Kankine cycle have a 
large potential application. For the remaining applications, a variety of cryogenic 
liquids will be able to bo more effectively used with improved knowledge of the heat- 
trtmsfer canmelatiorrs. 

The r.'xperiment i5; justified scientifically wlicn we examine the existing empirical 
correlations for flow regime, pressure drop, and heat transfer. A correlation which 
contains the Froude number has been used in one investigation to indicate a shift in 
the Row regimes with a change in gravity level to 10~2 g'g. Although a shift in the 
flow regime boundaries was observed, the magnitude of the shift did not agree with 
predictions. For pressure drop, no valid reduced-gravity correlations exist. Hero 
the approach is to identify the flow regime and use existing' one-g pressure drop 
correlations. Prelimina .y data at 10 “ g's indicates a increase in pressure 
drop occurs at reduced-gravity. The heat transfer correlations are even nioi’e 
complex; a super-position of forced convection and boiling data has been used to 
correlate data on earth. It is accepted that boiling data is sensitive to gravity-level 
thus a sensitivity in these correlations is anticipated. However, no reduceil-gravity 
two-phase flow data has been obtained. 

Two-phase flow correlations are typically regime sensitive. An ir-water test is 
phxnned so that the reginies can Ijc clearly identified at the low gravity levels. This 
will also provide the most reliable pre.ssurc drop data since steady-state conditions 
will persist in the lube. Conversely, heat transfer data with Freon will cover a 
range of conditions depending on mass velocity and wall heat flux as controlled 
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by heater power. The e.xperimental plan covers a range of mass velocities from 10 
to C IO kg/sec-m^ (7400 to 472,000 Ib/hr-ft^) and the quality range from 0.01 to 0, G4. 

A test section 1. 5 cm in diiuneter by 90 cm long is recommended to provide L/D > 60. 
The circular test section is a fused quartz tube enclosed in a square Lucite bloeiR' with 
an axial cylindrical hole. Visual obseiwations with photographic coverage provides a 
prime data source. As indicated above, air-water and Freon-11 were selected as 
test fluids. Freon- 11 boils at ambient temperature raid lower as the outlet pressure 
is decreased below 100 kN/m^ (1 atm). The te-T section is heated by a copper-nickel 
resistance wire providing 679 watts, A total of 80 data points are planned for the 
air-water system while 40 data points are planned for the Freon tests, these points 
I'equiring one and two minutes for data collection, respectively. Total test time is 
six hours allowing for cnanges in hardware settings. Total heater energj' usage is 
933 watt-hours. Total experiment energy usage is 2929 watt-liours in the ' 'v hours. 

E.xperimental concepts considered test fluids of water, air, nitrogen, :md Freon with 
the fluid loops or paths of overboard dump, total rqqy'cle, batch collection, and liquid- 
only recycle. Only three of ten concepts appeared proniisLng. The water-cabin air 
system with water recycle w'as a cleai choice for a flow regime-pressure drop test 
since it had been proven satisfactory on a KC-135 test program. Freon- 11 with 
overboard dump or with lic|uid-recycle were selected alternatives for the heat transfer 
test. The former is preferred for simplicity, however the latter avoids dumping 
excess Fi'eon, only 14 kg (30 lbs) versus 111 kg (245 lbs) and is more volume efficient. 
The liquid is pumped through the test loop from a storage tfmk or for recycle from a 
rotating separator which removes the liquid from the mLxe.ci-phase outlet fIowstre~am 
of the test section. 

As indicated earlier, the (avo e.xperiments use common hardware and test section. 
Water is the first test fluid and is dumped overboard; the system is dried by a vacuum 
blowdown and next the Freon test is conducted. The test section is instrumented 
with thermocouples to measure wall and fluid temperatures. Quality is determined 
from flowmeters and energy input. Capacitance-tj'pe quality meters will also be 
used at the inlet and outlet. The Freon is stored in a tank with fluid control by 
bladders or capillary devices. The latter may be desirable if a transparent test 
tank is to be used for other integrated heat transfer/fluid dynamics tests. 

A scientific layout design has been prepared for both e.xperimental concepts in a 
double Spacelab rack. The experimental controls are very accessible and space 
still exists for integrating additional small fluid experiments in this rack. Several 
elements of the test hardware such as cameras, lights, electx'onics/signal condition- 
ing and controls can be shared. The Freon-11 hardware, c.xcept for the test section, 
is contained within a l.exan enclosure for safely. The crew task performance and 
experimental procedures have been outlined. The data acquisition and reduction 
approach is briefly covered. 



The experimental costs were defined through l.evel R'’ integration. Several high 
cost items including the test section, blower/motor. Freon tank, sensors/signal 
conditioning, quality meters, film magazines, mid secondar," structure were- identified 
to h e development costs of 147K and total costs of 27(jK dollars. For the program 
costs through Level I\’ integi-ation, the development costs were (iOlK with production 
and operational costs of 314K for a program cost of 918K dollars. 

In view of the results of this study, it is highly recommended that a design studj' be 
initiated at this time to integrate these two-pltase flow experiments witli additional heat 
trimsfer and fluids cxperim-ants being considered. The proposed configuration will 
support the integrated experiment conec-pt. 
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Ti:C 1 iN(JLOGICA L J USTI FIC A TION 


As the Space Transpoi'tation System becomes operational in the early 3980's, the 
number of payloads placed in orbit annually will increase as will the complexity of 
these systems. By the mid 1980's we anticipate several new systems will be flowinR 
nimierous fluids in the low-j^ravity environment. The desiptn and performance of 
these systems can be impi'oved with proven correlations of two- phase fluid behavior 
in reduced-gravity. Cryogenics are unkiue in 'hat initial line transients involve 
chilldown md the occurrence of two-phase liow. A second major ajtplication is space 
power systems or radiators in space where boilers or condensors involve the flow of 
ttvo-ohase fluids. 

The literature for space systems has 'oeen reviewed mui the specific ap])lications which 
are discussed have been tabulated in this section. The importmice of two-phase flow 
to these processes has been examined. Finally, the availability of data from a 
Spacelab experiment to suj>port the design requirements of future systems has been 
assessed. 


1. 1 MISSION'S AND APPLICATIONS 

survey of NASA-missioiis has been completed and the results are presented in the 
following paragraphs ;md tables. The results support the conclusion (hat two-phase 
flow phenomena will be an increasingly significant element in space operations in the 
last two decades of this centuiy. The NASA mi.-jsions ;uid vehicles for wliich two- , 
phase flow' may be important are listed luuler five functional categories as follows; 

Propulsion 

Automated Spacecraft 

Power Generation 

Experimental Support (Spacelab and Space Station) 

Environmental Control/Life Suppoit Sj'stems (EC/LSS) 

'ITiese functional categories are pi'esenled in Tables 1-1 thi'ough 1-5, respectively. 
Each program/vehicle listed includes the identification of the fluid, fluid function, 
quantity used, and the source of the data which is presented. Additionally, the 
number of men tliat the EC/l.SS is to supy..rt is listed. There are many other 
potential ;ipplications for two-pliase flow that have been projjosed for automated 
spacecraft ;md spacelab expeiiments but were not included herein because of 
duplication of fluid applicafion and quantity. 
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Table 1-2. Automated Spacecnift Applications 
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950 

0.55 y 4500 

o 

o 

■24 

3 

Ref. 6,pg. 4C 
Ref. 7 

I..nrgc X-Ray Telescope 
(HE-ulA) 

LHj 

Detocior 

Cooling 

- 

- 

- 


20-78 

- 

Ref. B, HE-OLA 

Gravity Coarse Monit.'rinp 
Payloau 

Llio 

Precision Gyro- 
scope Cooling 
Cry’ogonlc Dewar 

29S/hr 


- 

3 

l.C-2 

- 

Ref. 3, .A P-0 ; A 

Flare Coarse Monitoring 
Payload 

LNj 

Detector Cooling 
Refrigerator 


300 W nefrlg. 
1 .M^ 

0 - 1 

- 

78 

" 

Kef., 0, p. GJ 

Ocean Resources & Djuamics 
System \CO-4) il555' 


Detector Cooling 
Ref.’igerator 


- 

- 

- 

- 

- 

Ref. 3, V m 
p. 13 


Table 1-3. Power Generation Applications 


n.!ui 

t^rncrani ^Cor.ccpt Fluid Function 


Quantity 

Line Si?e 

LiiyjJd r'luw- Vapor Flow- 


Inlet 


remperaturea 

Di.l X I, 

Rntc. r,i itaip, Gg 

Quality 

Pressure 

I.lquii! 

Gas 

lbs 

cm 

V.5 ':r."-.sec jv.--hOC 


k.N'^M“ 

K 

K 


SPS/Rankme Cycle 

rnder Evaluation 
iTv-pc .A: Water, 
Arrmonta, Liquid 
.Metals > (T>pc B: 
Freons, Diphenzl, 
etc. ) 

Power 

Generation in 

Boilers, 

Condensers 

TEO 

TDD 

T3D 

TED 

0 - 1 



SP5 -’Supercon duct- 
ing Generators and 
Cables 

LHe 

Power Generation 
Cryogenic Cooling 

TED 

- ' 

- 

- 

- 

- 

4 


Ref. 4 

p. rV-13-l-C*6 


Ref. 4 

p. n--E-l-C-37 



Table 1-4. Experimental Support (Spacelab :md Space Station) Applications 






Line Si/.e 

i'l,|uni 

\’ap.«r Flow 


lllll't 


Tetnpernlure.'* 




Fluid 

Quantity 

Uia > U 

Htie. Gi 

Rate, 

Quality 

l>re*»sure 

Liquid 

Gas 

Wall 


Concept 

Fluid 

Function 

tbs 

cm 

kg ^KP'-SOC 

kg'm-“Sec 

X 

kS/in2 

K 

K 

K 

Data Source 

iii.iprocfflslnK (Urokinase 

LN2 

Refrigeration 

44 

0. 12 rr.3 



< 

0 






P •oduction) 

Waste 

Wn-ste Recycle 










p. 5-85 


Med. 

Cryogenic Storage 











I. (quid Xenon Compton 
Telescope 

LXe 

X-Ray Detecticn 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Ref. 11 


LAr 

Cool l.Xe 

- 

- 

- 

- 

- 

- 

- 

- 

- 


\:rr.o>phorlc, M.igncto- 

LHe 

n.adiomeler IR 

4 

TDD 

TBD 

- 

0 - 1 . 

_ 

4 


_ 

Ref. 12, AP-0‘1-S 

>pheric, & Plasma In 


Detector Cooling 











Space (AMPS) (AP-06-S) 

Ule 

Spectrometer IR 
Detector Cowling 

44 

TBD 

TBD 

- 

0-1 

“ 

4 

- 

- 



LNg 

Speci**omcl«r .SWIR 
Detector Cooling 

IS 

TDD 

TUD 

“ 

0 1 

■ 

77 

- 

• 


.SaU-mated Kunsaco/ 

L 02 

Fuel Cell Reactants 

877 

TBD 

TBD 

_ 

0-1 

_ 

90 

_ 


Ref. 12 

Levitation 

LH 2 

Fuel Cell Reactants 

m 

TBD 

TBD 

- 

0-1 

- 

20 

- 

- 

SP-14-S.SPU5-S 

ShuPle lit Tcle.sci'pe 

Ule 

Detector Cooling 

132 

TBD 

TBD 

- 

0 - X 


4 

• 


Ref. 12, AS-Ol-S 

I arilUy i.AS-'M-S) 













ne.-p Sky IT Survey 
Ti'h'sct'pe (AS-03-S) 

Llle 

Detector Cooling 

23 

TBD 

TBD 

- 

0 - 1 

- 

4 

- 

- 

Ref. 12, AS-03-S 

M j.:ru‘tlc Spr’ctroiTiotcr 
,!ir-i:.-s) 

LHe 

Magnet Cooling 

40 

TBD 

TBD 

- 

0 - 1 

- 

4 

- 

- 

Ref, 12, HE-15-S 

P‘ iprvvcssir.>; i.SP-Ol-S) 

LOg 

Fuel Cell Reactants 

291 

TBD 

TBD 

TDD 

0-1 


90 

. 


Ref. 12, SP-Ol-S 


LH 2 

Fuel Cell Reactants 

.36 

TBD 

TBD 

TBD 

0 - 1 

- 

20 

- 

- 


Plop roc -'SSlnR (SP-31-S) 

1 N 2 

Cryogenic 

13 

TBD 

TBD 

TBD 

0 - 1 

- 

77 

_ 

. 

Ref. 12. SP -31-S 

(First SpaccIab Miaslon) 


Refrigeration 











Laser Data Helay Link 

LN’2 

Cooling 

22 

TBD 

TBD 

TBD 

0 - 1 


77 

- 

- 

lle-f. 12. CN-03-S 


^C^-05-S) 


Table 1-5. Envirorimental Control/Life Support System Applications 


Fluid 


r^'^enun Conccp.t 

Men 

Fluid 

FUactioo 


4*6 

Vi'asie 

Reject Heat With 



Water 

Ammonia Bollerfe: 

Cii\ Crew Module 


LNo, 

Kovironmental 



LOj. 

Control 



H 2 O 


Passenger Module 

68 

LN2. 

Ecvlronmeatal 

(POr\'> 


LO,, 

Control 

SPS Lt'O Const. 




f'assett^er Module 

230 

LRj 

Envl rontnenul 

'I'-r.-j 


lO: 

Control 

Jsi’S GKO CoD.st. 


H20 


.'^pace Stalloo 

A 

Waste 

Water Recovery 



Water 

by Vapor Compres- 




Sion Distillation 

^ Impact* Stalloo 

6 

Waste 

Water Recovery by 


(Growth 

Water 

Vapor Compres- 


'12-241 


Sion Distillation 

SI'S Construction 

20v;-B00 


Environmental 

(Const nicUon end 



Control 

Suppo rt) 




.Space Ta:cl 

1 

LN-2 I 

’ Environnentai 



LOg 1 

1 Control 



1.112 ( 

Fuel Cell 



LOg \ 

Reactants 



Freon 

Cooling 

Lunar Transfer 

4-8 

LR 2 . 

Environmental 

C row Module 


LOg. 

Control 



HgO 



Quantity 

lbs 

Line Size 
Dia X L 
cm 

Liquid Flow- 
Rale, Gi 
Vg/’m^-sec 

• Vapor Flow- 
lijue, Gg Quality 

Vs^m^-sec X 

495 

1.2 X - 

250 

250 0 -1 

(7 days) 

T>p/man 

Ti'p/man 

Typ/man 0-1 

(7. days) 

Typ/man 

Typ/cian 

Ti-p/roan 0-1 

(7 days) 

Typ/roa;Q 

Tjp/man 

TiTj/tnan 0-1 

40/day 

TBU 

- 

0 - 1 
1-0 

60/day 

120-240/ 

day 

TBD 

- 

0-1 
1 - 0 


Typ/man 

Typ/jnan 

Typ/man 

4 

U 

I 

6 

9 

2.5 X - 
2.5 y - 
< 1 * - 
<l * ~ 

- 

- 

20-80 

days 

- 

- 

- 


Inlet Tempersiures 

Pn-sBure Liquid nas Wall 

K K K Data Sourca 

Bef, 13 


Ref. 10, Vl-E-7 


Ref. 10, Vl-E-10 t 
VI-F-6 


Ref. 10, p, Vl-F-D 


Ref. H, Book 3, p. 97 
and F5 

Ref. 11. Book 3, p. 193 
and Appendix F 

Ret. 4, p. V-C-13 


78 - . Ret. 15 

90 - . 

20 - . 

90 . - 

273 

Ref. 3, p. 150. p. 227 



i.2 TWO-l’ilASK FIX)\V FKHFORMAKCH I’AUAMFTFIIS 


In the tcchnolipical applications presented in the previous section, ffie applications 
can bo divided into cryoj^cnic and non-cryogenic. The non -cryogenic applications 
primarily involve a heat exchange fluid loop. Ciyogenics involve the flow for fluid 
tixmsl'cr as well as lower flows for heat e.xchanger/cooling applications. The fluids 
snclude helium, hydrogen, argon, nitrogen, oxygen, xenon, Freons, water, ammonia 
and licjuid metals. 

Most flow passages will be of circular-ci’oss .section and made of aluminum or stainless 
steel. Line lengths will be in e.xcess of 100 meters for some of the future applications 
such as propellant depots. 

.A liSi of the parameters f( 0 ' the applications cited in Section 1. 1 are presented in 
Falrle 1-0. 

l.:t ROLF OF 'nVO-PHASF FLOW IN TRFSK APPLIC.VnONS 

Propulsion applications constitute the major volume application of two-pliase flow. 

The Pow ot propellants tlm>u«h warm lines during initial flow conditions retiuires 


the analysis c)f two-plias(: flow heat transfer. The resupply (.T j;ropellanl.s in space 
Table ]-!). Application Ranges of Two-Phase Flow Correlation Parameters 

Line Size, I) 

0. :i - 15 cm 

(0.11 -Gin) 

■Mass X'elucily, G 

1 - 12000 kg/m--sec 

(737-8. 85xl0'Mb,,,^/ft“-hr) 

.Aspect Ratio, l./l) 

20 - ICOOO 


Pressure, P 

1 - -lOOkN/nm 

(0. 14 - GO psia) 

Gravity Level, g/g^^ 

DO 

b 


Reynolds Mo. , Re£ 

1000 - 3. G X 10^' 


Nusselt Mo. , Nu^ 

1 - 5000 


Prandtl Mo. , Pr ^ 

0.5 - 2. 15 


Froude Mo. , Fr^ 

1 X 10^’ - 4 X 10^ 


Heat Flux, q 

lO'l - 4 '< 10*^' watts/m^ 

(315 - 1.3 X 105 Btu/hr ft2) 

Viscosity, 

0 . 029 • 1 0- ^ - 1 . 35-> 10- N • s /m2 

(Gv 10"®-28x 10"® lbf-sec/ft2) 

Viscosity, 

0.ni2 -10" *-0. OGvlO- ^ M- s/m^ 

(2. 5>10-®-12xl0-8lbf-sec/ft2) 

Oen.sitv, 

0, 0G7 - \. 3G gm/cm^ 

(4,2-85 Ibn/ft’^ 

Dcn.sity. d„. 

0.0019-0. 012 gm/env’^ 

(0. 30 - 0. 75 llJm/ft®) 



similarily Involves initially vvai-m lines for cryojjenic transfer applications. Recent 
concepts to pTOcess fluids in space to produce cryogenic H 2 and O 2 involves broad 
application of heat excliange design. Storage techniques for cryogens in space Involve 
vent systems with heat exchangers operating in low-g; vapor-cooled shields are another 
thermal protection system where two-phase flow occurs. Both pressure drop and heat 
transfer data are of importance in these apj^lications. Providing the thermal control 
for a cryogenic environment for Instrunients alx)ard spacecraft involves the design of 
heat exchangers where two phase flow is occurring. A major application will arise in 
Rankine power generation systems in the high volume heat exchange systems involved. 

Tlie experimental support requirements for Spacelab and Space Station operations may 
well lead to application of a larger system in space than may be apparent from the data 
presented. The fuel cell used to supply power for the automated furnace, automated 
levitation, and some bio-processing may be more extensively used since output require- 
ments will grow as the.se space proeessing/manufacturii.g facilities become commercially 
utilized. The cryogenics used for detectors cooling may also be more extensively used 
as longer duration viewing times are desired, further reduction in internal noise is 
purused, or the sensing of longer wavelength or far infrared is attempted. 

1.4 TIMELINESS OF PROPCKSE'D RESEARCH 

The timing of when tlie identified programs, vehicles, and experiments will take place 
cannot be stated with certainty; however, some insight as to occurrence of these activities 
may be gained from Figure 1-1 which reflects NASA thinking (References 16, 17 and 
18) and from Figure 1-2 which shows N.A.SA near-term planning (Reference 19). Sortie 
flight.s (experiments) and automated .spacecraft flights will occur in the near-term, and 
a low earth orbit (LEO) space station durbig this near-term is also envisioned. OTV 
usage, electric propulsion, orbital propellant transfer, initial space manufacturing, 
and solar power satellite (SPS) development Ls anticipated for the mid-term (Phase II). 

The far-term is envisioned to provide commercial solar power, space Industrialization, 
and lunar operations. Thus, it is essential that the two-phase flow experiment be 
given high priority in the Spacelab expeinmental program to obtain the results in the 
early 1980' s in order to support the applications in the remainder of that decade. 
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sc 1 (2 N'TiFIC J usn FlC A TION 


This study has determined that a scientific justification for experimentation in apace 
exists in three specific areas of two-phase flou phenomena: flow regime definition, 
pressure drop, and flow boiling heat transfer, in each specific area, the status of 
existing correlations were ei;iimined and any indication of gravity-sensitivity was noted. 

The physical process of two -phase flow is dominated by the gi ivity field; moreover 
specific regimes such as stratified flow or sedimentation exist solely because of the 
gravity field. It will be very interesting to approach the defmition of this flow 
phenonuaia in the aijsence of a major variabie such as gravity. The opvtortunity exists 
to achieve a better undersLtinding of the mcchmiisms wliich influence the process. 
Preliminary work has shown regimes to be sensitive (o gravity, however additional 
data is required to complete (he assessment. 

2. 1 LOW GRAVITY EFFLCTS ON 'nVO-PHASK FLOW REGIME I30LTIDA RIES 

2. 1. 1 EXPERIMENTAL BACKGROUND LN REDUC ED-GIU VLIT. Earlier investiga- 
tions by General Dynamics Convair (Ref. 20) showed analytically that for flow regime 
boundaries based on Froude number, a boundarv shift could bo calcuiated for any 
gravity level other th;u'< g ~ (noiTnal eartli gravity). The predicted shifts were 
e.xpressed on coordinates of total mass velocity versus ciualily for gravity levels 
changing from g - go to g - 10~- gQ, and for boundaries corresponding to the (Quandt 
classification zoites L pressure-gradient dominated (mcludes bubble and dispersed 
flows); H: gravity dominated with significant frictional drag, Fr > 2/f (includes annular 
and wave flows); IR: gravity dominated with minimal friction, Fr < 2/f (includes plug, 
sldg and stratified flows), where f is the friction factor for the liquid phase. Verification 
of the predicted shifts was pursued through two-pliase flow e.xperiments which were 
performed in a ground-based laboratory :ind then repeated aboard a KC-125 which was 
flcavn in "zero-g" trajectories. Experiment results showed that flow regime boundary 
shifts with reduced gravity were in the direction predicted but not to the e.xtent expected. 
Figures 2- la shows the location of g - gy boundaries and the predicted location of g 
10”^ gy boundaries. Figure 2- lb shows these same boumlaries together with e.xperi- 
mental results for g gy, anfi Figure 2-lc shows the data taken at a gravity level of 
approximately g ^ 10"“ g^,. The g gy data points are seen to generally conform with 
g gy boundaries, but the low gravity data points do not fall within the preciicted g = 10"2 
gy boundaries, i.e. , the observed shift in the d.ata was less than the predicted boundary 
shift. Limitations of the e.Nperiment such as time in reduced-gravity and test section 
length precluded precise resolution of tins discrepancy. 
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Figure 2- la. Flow Regime Predicted Boundary Shift 

2. 1.2 EXISTING CClRRELA'nONS IN ONE-G. A literature review on the subject of flow 
regime definition has been pursued. The results, which are summarized in Table 2-1, 
revealed three approaches other than Quandt's in which the Froude number was a 
parameter, namely those of Kozlov, Haberstroh and Griffith, and Moissis. The same 
analytical jnethod referred to in the General Dj'namics Convair work was applied to 
each of the three aoproaches to derive boundan' shifts with change from g - gp to 
g 10“2 fi-Q. Data fi'om the General D>Tiamics Convair laboratory experiments was 
then plotted against the g " gp boundaries and data from the aircraft flight experiments 
was plotted against the g - 10~2 boundaries. 
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Figure 2-lb. Flow Regime Boundaries Segregate 
One-g Data at Higher Qualities 
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Figure 2-lc. Flow Regime Observed Boundary Shift 
Was Less Than Predicted: Reduced- 
Gravity Data 





Table 2-1. Plciw Regime Definition Summary 


U't*rk OIUmI k Approach I Flul*!.*!. pr«*cos8e8 


lUthlmnl 'I 

p(»wor spectral tlenslty 
lUsnilnitlon for wall 
pri'>suj%! fluctuaffoiis 
w.iH calculated and 
vcrifUal with all rcKimes : 
except froth. 


liorl/onfai, air/ 
water In 1-1/2 
l.D. 


i baiutwldih <»8 . of total 


energy; 

Sepa rated flow 

0. 1 < 6 < 1. 5 \lz TranstiUm 

1. & Hz < & Dispersed flow 

Also, for a bandwidth of i c ttfound a mean 
fn<|Uenry. containing tifi'i of energy; and with 

J9^ - Qv>- 

< 11 Intermlilont flow 

11 < c-'fii ^ 100 Transition 

100 < ; //Sx Dispersed flow 


Discussion ««f r.ravlty rffi«oli 


The »n»r«';irh «lc>f^ iu*l sbiw any 
fn-iju-ucy ! hlU (hem-o regime 
buundiirv sh'fu related to 
channos tn graxliy level. 


naker, flow pattern Alr/water, 

map. Ttikes Into account adlabailc. 
the fluid prfipcrties. Gae/oll. 

KmpIrlCLil prr:iphlcal Horiionlal. 

correlation from 
experimental data. 


Ordlnrilc O^/X, abscissa X^./f^g 


rntplrfeal. All Results for 
normal earth gravity. No term 
for gravity sensitivity. 


I Itcr^le.s and Sun, flow Steam/water, 
patieni mcp. Combined 500-1000 pata, 
iirinsltlon criteria of saturated, 
other investigators. 

Kozlov, l.ntcr OrtnUh Alr/water. 1 atm 
t. WulUs/^^^Kmude no. .Adiabatic. J'ipe 
criteria for flow regime dla. ; 0.5 In. to 
tovmdarle.s. Vr.iplrlcal 2.34 in. 
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{ (S’) 

I t^uandt.' dimensional AlrAvatcr, others. 
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tension controlled, 

( 21 )' 
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irotislilon from bubbly to collision, ''coalea- 
s ’ flow is function of cence transition 
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effort. 


S -Qg,',C,,-Q^). Fr 

P 
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Bubble- plug d' 0. 05O'r/’'" 
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Dispersed plug-emulsion fi 0. 5iKri^*^ 
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*TP L J 


Slug- annular 


Time for colllslon/coaleecencc to form cap 
bubble fs: 

o^b,n^rVrMi2. f 
'Vo j < KJ 1.0/ J 


i Empirical, Results are for 
I normal earth gravity. 


Empirical. Assumes that ail 
regime transitions are dictated 
by the same pair of flow 
parameters. F*-oude no. changes 
J u-ith c.hange /n g will cause 
boundary shifi . Flow pallenis 
do not readily rol.ViC to Baker 
regimes. 

Froude no change wit:i change Id 
g win causo l/omui.'try shift. ITils 
was background for GfXT expcrl- 
jn.ems fltmT aU'ard KC-13&. 


Tiansittrm tlntc Is sensitive to 
void fraction, bong times imply 
incomplete iransitlon tn 
lubes. No gravity sensitivity. 


Haber.stroh & Griffith, 
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and .annular regimes. 
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empirical corrobillons. 


Air/water, steam/ 
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HU' d ^..ny of annular j 
‘ Ho« t>anem. i 


{Not reported 


Alr'watcr, 1" D 
tul>e, 1 atm. press, 
vertical 

Air/wafer. 1-1/4” 
D vertical tui»e, 
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at onset of entrainment. 

Ordinate fi^r, ras volumetric flow rnle fraction; 
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Dimenslunle&s velocities 
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In g. t’rdlnaleo, .abscissa u^. 
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Results are for normal earth 
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Kozlov Criteria (Ref. 21). The boundaries given are: 


Quandt Classification Zones 


Film, emulsion -drop 

)3 = 0. 85 Fr®- ®2 

II - I 

Emulsion-film emulsion 

0 - 0. 65 Fr°* 

I - n 

Dispersed plug-emulsion 

= 0.50 Fr®- 1 

m - 1 

Plug-dispersed plug 

)3 = 0. 12 Fr®' 

m - m 

Bubble-plug 

0 - 0. 05 Fr®- 2 

I - III 


where 




Qg 


Fr 




The above boundaries are plotted in Figure 2-2a for g = go in Figure 2-2b for 
g r= i0“2 Also plotted in the re.spective figures are some of the experimental 
results by General Dynamics Convair as referred to in Section 2. 1. 1 above. The 
above criteria are related to the Quandt classification zones with the provision 
that the dispersed plug flow is a transition phase to slug flow and remains in zone 
in. The emulsion flow resembles bubble flow of zone I while the film emulsion 
resembles the annular flow of zone 11. 


There does not appear to be any correlation between the Kozlov patteras and the 
experimental data as referenced to Quandt classification zones. However, a boundary 
shift is qualitatively confirmed by positions of the experimental data points. The fore- 
going suggests that the Kozlov coordinate parameters are useful for depicting flow 
regime boundary shifts, but the validity of the boundarj'^ definitions does not appear 
to be correct. 


Haberstroh and Griffith Criteria (Ref. 21). A published boundaiy between annular 
and slug flow regimes was replotted in Figure 2-3a and 2-3b, along with the shifted 
boundary at g - 10“^ gg. The coordinates are void fraction, a, versus dimension- 
less liquid velocity u^, where 



I s 


C(P/P ) gD] 

^ a 


1/2 




1/2 


and Fr^g is a Froude number based on supei-ficial liquid velocity. Superficial liquid 
velocity is obtained by dividing the liquid volumetric flow rate, Q_j , by the total 
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Figure 2-2a. Kozlov Flow Regime Boundaries With One-G Data 



ORIGINAL PAGE IS 
OF POOR QUAUTYi 


lO 

) 

-4 


N in ZONKS 


DATA AT,g_i^^.. 



Figure 2-2b. 


Kozlov Flov/ Regime 


Boundaries With Reduced Gravity Data 


■I 





VuIO FRACTION 


1.0 


0. nfi 


0. no 




''(ANNUl.AI!)* 


ni 


(SLUG) 


n . ' 


n.7n 


a 

« B «« 


(jt'ANIVr DATAk-Ro 

■/ONES IHEF. 20) _ 


n 

111 


annueah 

SI Air. 


« 

® • 


• HAIIEHSTIiOll-GlUEEfni CI.ASSIEICATIONS 


0. (;5 i' ■ — 

n.noi 


0.01 




0 . 1 


K - 10 


K ’ Ko 


-2 


_l I c- 


U^, Dimensionless Liquid Velocity = ^ 


Fig;ure 2 


-3a. Ilaberslroh-Grimth Flow Transition Boundaries art Gravity Insensitive. One-g Data 



t . " 


>x) Cj 


jO 

C 


r 

> 

o 


h5 

I 

to 


n. im 


n.jtr. 


n.RO 


2 


”o'(? ' ft /5 _ 

a ex o 

'?! c« ^ O 

0 o C 


o e 

Dq O 


II 


(ANNtM.AII)' 


III 


(SI.UO) 


K = 10-2 „ 



QI'ANIjT 

V ONKS DA TA K - 10-2 g ,, (IU;_F._2^ 


II 

ni 


C ANNUl.AK 
a SIAJG 


IIABKHSTROll-GRIFFITII 

CLASSIFICATIONS 


0. 05 

0 . noi 


O.OI 0.1 

u^t IMmcnslonless Liquid Vclnclly - u^^/{(o ^/p B D3 - 


1.0 


Figure 2-3 b. Haberstroh-Griffith Flow Transition Boundaries are Gravity Insensitive: Reduced-Gravit>- Data 



cross-sectiomil area of the channel. The near zero slope of the boundary 
suggested bj' Haberstroh and Griffith causes the boimdarv shift due to gravity 
field to be almost indistinguishable. The data points plotted are annular and 
slug at one-g and reduced-gravity from Reference 20. Local void fraction, a, 
was not available from experimental data, so the points are plotted at a test 
section average a which is equal to 0, the gas voluiru'tric flovv rate fraction. 
Thellabersti'oh-Griffith boundaries approximate a separation of experimentally- 
determined annular and slug flow patterns, but are not effective in prediction 
of the g = go to g - 10“2 shift. 

c. Moissis Criteria (Ref. 21). A plot of 0 versus Fr based on the criteria developed 
by Moissis results in ten cur\ es which in effect represent a rather wide 4one far the 
transition from slug to froih flow regimes. Only the centerline of this zone was 
replotted in Figure 2- la and 2--lb. The shift of this boundary at g = 10"2 is also 
shown. The data points plotted are for bubble Ilow, which may be interpreted 

as equivalent to froth, and for slug flow. It is apparent from the plots that the 
Moissis correlation approach reflects the gravity sensitivity of the fiata; however, 
his regime boiuidaries do not clearly distinguish bedween the observed slug and 
bubble flow data. 

d. Summary. /Vny attempt to correlate the fluid and flow parameters with boundaries 
beUveen regimes is subject to a number of limitations, including the following; 

1. A two-dimensional map may represent only two parameters, whereas a 
tnmsition may be influenced f)y several more. 

2. The same pair of parameters does not dictate all of the transitions between 
the several regimes. 

3. Transitions occur over a zone, rather than a line boundary, and the zones 
of two kinds of transition may overlap. 

4. Experiments have had limitations on scale and time and in the number of 
fluids employed. 

5. E.xperimentally-produced flow patterns often appear to contain elements of 
two or more regimes, which necessitates subjective identification of the 
dominant regime. 

Allowing for the limitations named, the work to date confirms the existence of a 
gravity-level shift of flow regime ijoundaries which are based on Froude number. 
However, the magnitude and nature of the chiinges caused by gravity have not been 
determined and require the long term test environment that a space experiment can 
provide. 
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Figure 2-4a. Moissis Flow Transition Shows High Gravity Resolution and Fair Regime Definition: One-g Data 

L 



GAS VnU’METiUC I f AV HATE FRACTION 





10 100 l.ono 10,000 100,000 

’ o 

(jUAWDT XONKS DATA K - IQ-- u ,. (HI' F. 20) Fr • F(Wj( ‘ i“ C '/R Fpl 

m n SLDO/Pi.nn . 

I V ni'Bm.K I 


• MOISSIS CLASSIFICATION 


Figure 2-4b. Moissis Flow Transition Shows High Gravity Resolution and Fair Regime DefLnition; Reduced- Gravity Data 


2.2 LOW GRAVITY EFFECTS ON PRESSURE DROP IN ’TWO-PHASE FLOW 


In a literature surv'ey addressed to the pressure drop in a flowing liquid/gas mixture, 
particular attention was given to approaehes which included gravity effects. Reference 
20 reports AP measurements in low-g (approximately 1 C "2 g) which were compared 
directly with measurement in g = go for water/air mixtures flowing in a straight, 
horizontal, circular channel. For the same fluid and flow parameters, the low-g AP 
was higher than in g = go hj' a factor of about 1.5 (Figure 2-5). Since it has been 
demonstrated that low-g had induced c.-anges in flow regime, the higher AP was 
attributed to such change in flow regime. 

An application of two-phase flow occurred in the Skylab shower waste water plumbing. 

It consisted of a water/air pickup head atid a flexible hose which was connected from the 
pickup to a mechanical liquid/gas separator. Flight evaluation of the shower system 
(Reference 23) reported that pickup efficiency was poor, shower stall cleanup was very 
time consiuning, and higher air flows would be required to improve performance. 
Reference 23 does not indicate whether this portion of the flight hardwire had any 
instrumentation for AP measurements, however, the observations are .''onsistei.t with 
the experiments conducted to date. 
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Figure 2-5. Pressure Drop, Zero Gravity and Normal Gravity 
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A summary of the literature survey is shown in Table 2-2, Analytical development of 
pressure drop equations is typically based on energy, continuity, and momentum 
equations, and leads to dp/dz expressed as the siun of gravitational, acceleratlonal, 
and frictional terms. The gravitational term is significant only for vertical or inclined 
piping in g = ggi as it becomes zero for horizontal piping in g ^ g^ or any piping in 
zero g. Thus the low-g case has a superficial similarity to horizontal flow in g = g^, 
but equal pressure drops t annot be assumed. As stated previously differences in 
flow regime have an effect on pressure drop as well, so that changes in flow regime in 
low gi-avity should change the pressure di'op. 

2.3 LOW GRAVITY EFFECTS ON FLOW BOILING HEAT TRANSFER 

Boiling is. affected by tlie acceleration field as indicated in Reference 2L One effect 
is on the criterion for the incipient threshold of nucleate boiling. It is dependent on 
the thermal layer thickness which is proportional to (a/g)“l/^ to (a/g)”^/"^. The 
tlunner thermal layer requii'es a higher delta temperature for activating the nujleation 
site. Hsu and Giaham (Ref. 21) report, although not with the concurrence of all 
investigators, that the mechanisms for nucleate boiling are considered to be inertia 
dominated including bubble evolution, thus ijvplying that nucleate boiling phenomena 
is nOf IStgRlficantly influenced by reduced-gravity. For the critical heat flux, investi- 
gators report it proportional to (a/g)”^/^ and experimental data by Merte and Clark 
(Ref. 2S) have verified the decrease in this value for LN 2 . Lienhard (Ref. 2f>) suggests 
that the nucleate boiling region may vanish and can be replaced by a monotonic line in 
reduced-gravity fields. Merte (Ref, 27) confirms the gravity dependence of the heat 
flux in reduced-gravity in the film boiling regime. It is obvious that agreement on the 
effect of gravity on boiling does not exist today. 

In flow boiling, reduced-gravity has been demonstrated (Ref. 21) to influence the flow 
regime through a reduction in buoyancy forces, which in turn modifies the heat transfer 
performance. Efforts in flow-boiling at reduced-gravity have been primarily qualita- 
tive in nature. 

In an effort to determine existing correlation forms for the several conditions of heat 
transfer regions which sequentially occur in the flow-boiling process, the literature 
summarized by Collier (Ref. 28) was reviewed. In Figure 2-6 from Collier, the heat 
transfer regions are depicted with the two-phase regimes. The following jiafagraphs 
and Table 2-3 present the correlation forms for the' various heat transfer conditions. 

A partial subcooled boiling region exists, region B in Figure 2-6, where the heat flux 
is commonly expressed as the sum of the contributions of forced convection single-phase 
liquid heat transfer and subcooled pool-boiling heat transfer, ^ C>SCB 

Dittus-Boelter equation is widely accepted for the former contribution and unique pool- 
boiling correlations are offered for the latter from the pool-boiling literature. Bowring's 
work is considered the most detailed for design. 


/ 


2-14 



Table 2-2. Pressure Drop Definition Summary 


Work Cltfd and Approach 

Fluids, Processes 

Correlations and Results 

Discussion of Gravity Etfects 

Owens. .\ssuniea, 
uniform homogeneous 
mixture (bubbly flow and 
dry-wall mist flow), 
limpirical. 

Govier, Radford and 
IlunnGl) Experimental .. 
and empirical, effects of 
regimes on dP.'dx. 

.Adiabatic. Friction 
loss only. Air- 
waler and boiling 
water. 

Adiabatic, air/ 
wafer. 

Two-phase AP related to AP for all liquid flow. 
For fTp=“fx 

2 

^ 1 . where v = specific vol, 

dz'TP.f 1 

Plot shows AP Is irregular function of flow 
pattern and llquld/gas volume fraction. 

- 

Low g favors uniform mixing. 
Empirical basis for fq-p = f>- 
No gravity effects. 

Empirical. Data does not enable 
display solely of flow pattern 
effects. Since flow pattern Is 
g-sensitive, therefore AP Is 
g-sensuive. 

IJankoff.^~^^ Radial dist- 
ribution In void Is 
modelled. Mixture 
treated as singlephase 
flow using .syi’thelic p and 
p. .Applic.ahle to disper- 
sed flew patterns. 

Adiabatic. Air/ 
water and steam/ 
water K parameter 
correlations. _ 

Based on Blasius equation, 
where 

L V V ■ 

Good match with experimental 
data is reported. There Is no 
modelling of gravity effects. 

(21) 

l.evy.' ' Mixing length 
Model. Experimental. 


and several empirical correlations of K are 
available. 


Adiabatic. Homo- 
geneous, steam Avate I 

Tabular presentation of parameters including 
friction factors, shear stress, densities. Re. 

No modelling of gravity effects. 

(21> 

Martinelli, et al. ' ^ 

Kqual static pressure 
drops of liquid and 

pluis^.s, {ilp/dz)q-p Is 
found by relationship with 
pressure drop of either 
phase as if it flowed alone. 
Fxper. and empirical. 

Adiabatic. Various 
two-component 
mUtures. Parallel 
coexistence of 
liquid flow and 
vapor flow. Low 
pressures. Oil /air, 
horizontal pipes. 

- 

For both phases turbulent (TT), (dp/dzlq-p/ 
(dp/d7.)jr= 5 g, where fxT, g correlated 

as a function of 

, . 0. in, . 0.55.S , ^ 

X.j.T=(lx/ffg) (Pg/P^) 

Similar correlations were g:lvcD 
for TL, LT, and both phases 
laminar LL, and for ratio of two- 
phase pressure dr(;p to liquid- 
phase pressure drop. No 
modelling of gravity effects. 

(21) 

Martinelh & Nelson. 
Above method extended by 
interpolating; between low 
pressure and critical pt. 
Fxper. and empirical. 

High pressure, 
water -steam 
mixtures, other 
single component 
mix. 

Parameters, ^^and X 'p'y ® function of 

pressure. * 

Independent of gravity. 

(21) 

Levy. .Simplified 

apprrjximalion of pres- 
sure drop ratio. Empirlca' 

Not restTicted to 
any one fluid. 

(dp/dz)„„ 

' ^ ’TP 1 

Pressure drop can be Integrated 
if or is known as a function of Z. 
No gravity sensitivity. 

(dp/dz)^ (1 _ 0)2 

(21) 

Chlen and ritelc. Mod- 

ification of Martinell! 
correlation for other flow 
domain.s. Empirical 
correlations. 

■Annular and 
annular mist 
regimes. 

Annular: 3.885 x lO‘®Re^'^^ 

g KP fP 

Annular 2 „ ^ -0.34 0.517 

. { -3. 425 Re Re 

Mtst: g EP AP 

No modelling of gravity effects, 
but houndarie.s between regimes 
are g-sensitlve. 

(21) 

naroezy. ' '.odlflcations 
of Martinelll correlation 
for flow ratc.s, qualities, 
and fluid properties, 
j , Experimental and 
' empirical. 

Water-air, water- 
stream, Hg-N 2 , 
liquid metals, ' 
organic oils. 

Corrclaltons of i with parameters depending 
on G, x, and a "properties Index. " Extensive 
verificalioD of Martinelll apiiroach. 

No gravltj- parameter Involved. 
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Table 2-2. Pressure Drop Definition Summary (Continued) 


Work Cited and Approach Fluids, Processes 


Discussion of Gravltv Effects 


( 21 ) 

Brown , and Govler. 

Slug flow pressure drop 
attributed to liquid only, 
neglecting gas phase t P- 
Empirical. 

( 21 ) 

Hughmark 

I Empirical correlation. 

I Extensive data correlation 


Slug flow. 
Vertical flow. 


Slug flow. 
•Horizontal flow. 


(AP/AZ)'pp = (AP/fiZ)£ jy, (1 - »), where 

Cj^ ranges from 1. 1 for low-viscosity fluids 
to 1. 4 for highly viscous fluids. 


where f Is friction factor at Re = Du /[i^ . 


Requires knowledge that regime 
will be slug flow. Regime Is 
subject to gravity effects. 


Requires knowledge of regime, 
which is g-sensltive. 


Continuity, energy and 
momentum equations. 
One-dimensional homo- 
geneous equilibrium 
flcw.(^“J Theoretical. 


Steady Row, any 
two-phase mLxture. 


Expression for dp/dz in wi ,ch the only 
empirical factor is Cf, the homogeneous 
friction factor. 


Gravity term, g cos 6/(Vj t 
V 2 ) , will vary with variable g. 


( 22 ), 

McAdams, homo- 
geneous viscosity. Empir 

Clcchlttl,^' 'homo- 
geneous vt loslty. Empir 

Dukler,^^"' homogeneous 
viscosity. Empirical. 

"Rule of Thumb, 
Empirical. 


Laminar flow, 
gas/llquid. 

Laminar flow, 
gas/liquld - 

Laminar flow, 
gas/liquld. 

Turbulent flow. 


McAdams, et al; also Turbulent flow. 
Owens.^^"' Cf calculated Water/ste.Tm 0. 118 
from an equivalent single lu I- D- ‘"uid 30-in 
phase flow. Experimenta! long. Horizontal, 
and empirical. 


l/n = (x/(Jg)+ [(l-x)/pf] (an averaging 


model) 


P = Xfig ' (1-x) (an averaging model) 


fi = (Jf/J) ( 1 , + (J /J) P (an averaging mode!) 


Cf = 0. 005 


-(dp/dz) 


F- r'’f 1 

ffo LP, J 


-(dp/dz)p 


where subscript fo denotes case that liquid 
flow in same pipe with same mass velocity 
as the combined flows. 


fi used In Re wlilch is related 
to Cf. Gravity insensitive. 

(1 used in Re which is related 
to Cf. Gravity insensitive. 

p used in Re which is related 
to Cf. Gravity insensitive. 

Accuracy within factor of 2, ' 
relative to measurements. 
Gravity insensitive. 

Accuracy about ‘10f;/-30'J. 
relative to measurements 
Gravity Insensitive. 


Blasius equation^ Turbulent flow. 

Experimental correlation smooth pipe . 


Continuity, energy’, and 
momentum equations 
with time-dependent 
terms (unsteady flow); 
Basic theoretical 
developments . 


Cf = 0. 079 Re* 


Evaporator, X(t,to 

negligible pressure 
. J where 

changes and viscous 

4 ^ 

dissipation. 


X(t.to) = Vf/vfg (e^^‘ ‘o' - 1) 


4v IP 


and (p = wall heat flux 


Expression for equivalent p 

used to determine Re. Gravity 
Insensitive. 

Applicable to horizontal tube, 
Requires identification of 
the time when a liquid particle 
starts to evaporate. Gr.avlty 
insensitive. 


OP measurements, 
horizontal pipe with 90“ 
bends, tees, valves, 
expansions, contract- 
ions. Experimental 
with empirical 
correlations. 


Water/steam, X - 
0 to 21'7, p -- 800 to 
1600 psla. G - 
(1 to '.) V 10*’ Ib/hr- 
ft2. 


Straight pipe: Fair correlallon with Levy 
momentum e.xchange model. Bends: Ratio 
of two-phase to slnglc-pha.se A P was different 
for various bend radii. Dl.-imetor changes: 
two-phase to single-phase 0 P ratios same 
for expansion and contr.icllons .md same as 
straight-pipe ratios. 


Negllprible gravity forces in 
test configuration, Experiment 
hardv4a,-e design providi'd l./D 
ratios of 3 to 89 to promote 
recovery from upstream 
disturbances. 
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Table 2-3. Heat Transfer Definition buxnmary 


V>ork cited and Approach j Fluids, Processes 


Correlations and Results 


DiscuflBion of Gravity Effects 


(2S) 

DIttus -Boelt-er. 
Standard for forced 
convective heat transfer 
In a tube, used for 
convective portion of 
superposition. Empirical. 

(28) 

Bowrmg Superposit- 
ion of convective and 
nucleate boillnR. Experi- 
mental plus empirical 
correlation. 


Water, forced 
convective boiling 
single phase. Heat 
ing In vertical up- 
flow, Re > 10000. 


Steam 0 to 140 atm 
q ,0 to 200 W/cm 2 
u ,0 to 2 G 0 cm/sec 
Subcooled boiling 


SrC_uil/3 


Rohscnow^^ } Supcrposit-i Water , 

Ion of convective and ! subcooled boiling 
nucleate boiling. E.xperi-| 
mental with empirical 
correlation. 


bf. L J 


<1 = 'iSPL * "^SCB 

'ISPL ■ hfo [TsAT"'*'i<2) ] 

"^SAT ^ Tw 

for > TpD£j, qgpL = 0 

qsCB ^ *.Tw)sCVi ~ '*’SAT^ 
n - 0. 25 to 0. 5, c ■ f (prop. ) 

q = t qg^jj 

qgpL = ~r^ - Tf (7,)] 


^P^^SAT 


Vg(pj-p ) J L J 


Forced convection effcct.s 
dominate gravity. Turbulent 
GD/fl > 10, 000, L/D > 50 


Gravlt;.' effects not considered. 


Gravity effects not con.sldered. 


•33 1.7 

1 rVfi 


where Cgf = 0. OOG — 0. 020 


Bergle.s and Uosehow^“ . Water, 15-2000 
Superposition of convoct- psia. 

Ivc and nucleate boiling. Subcooled boiling. 
Experimental with 
empirical correlation. 


(2S) 

Macbeth . Empirical 
correlation. 


Water, low mass 
velocity region. 


As above except 


r, (%CB f 'iV 

q .. defined from q q 

c” ON’B on curve ^CB 

, l.lSfi (2. 30/p' 

q •- 15, 60 p (aT ) ' 

^ONB SAT^OKB 

.Ts^T 22.65 

AT *C, q MW/m^, p in bars 


Thom^*’.^ Modification I Water only. Fully 
to the work of Jennes developed subcooled i 

and Lottes. boiling. 

(281 ‘ 
Dcngler and Addoms' : Water, annular 

Vertical tube saturated flow, saturated 

boiling. E.xper.and emp. nucleate boiling. 




%rlt - ^ 


_ r “Iq 

B _C 

i, LM 
fe- h 


4q Z 


Gravity effect.s not considered. 


Gravity effects not considered. 


Gravity effects not considered. 


Gravity effects not con.sIdered. 


Thompson and Macbeth . | Water, high mass 
Empirical correlation. i velocity region 


(gh) 

Swenson . Empirical ' High pres.sure .ste.an' 
correlation. Kxp. oval. | wafer, liquid 

of wall tempcraUire i deficient region 

profiles In saturatcii I 

nucleate bolliin;. I 


‘‘crit C • 7. 

where A and C fen (G, D, p) 


Tor) r 'V 1 T^r 

^0.023 ^ [X--(1-X)j . 

L^E cr J w 


- V *1 * r 

where Y -- 1 - . 1 -^-1 1 - X 

[■"f J L 


Gravity effects not consldere.i. 


. 8 rC p- 1.8 Gravity effects not considered. 
' Y 
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Table 2-3. Heat Transfer Definition Summarj' (Continued) 


I \i‘- ;k Cited and Approach Fluids, Processes 


Correlations and Results 


i (21) 

Hughmark. Experi- 
mental correlation for 
horizontal tube - slug 
flow. 


Air-water, air-oil, (26,000 <Re^ <4,500,000) 
gas-oil; turbulent ^ 

and laminar. TP £_ ^ 

Horizontal slug flow. (Cou)^ 2q t 

(APpp/iL) gj.D 


t PjjA(l-Or) 


O 2 

2u, 

1600 < RBjj < 4600 

‘‘tp 


M(Du^p^/u^) 


Discussion of Gravity Effects | 


! 

Altho’tgh derived for two- 
component systems, applicable 
to single component system 
where mean void fraction 
obtained from quality. 
Independent of gravity except 
for slug regime identification. 


r i 

'iL’‘ 

[(l-o)kjj Lj 



( 21 ) 

McNelly and Lavin 
and Young^-^^correlated 
eartj-pb.a.se annular flow 
(Nucleate Boiling), 

( 21 ) 

Bennett correlation 
for annular flow, uses 
Slartlnelli parameter 
and h^^- E.xperiroental. 

Collier and Pulling 
introduce a boiling 
number for two-phase 
annular flow. 

( 21 ) 

Chen used super- 
position principle for 
boiling and forced 
convection effects in 
annular flow. Experi- 
mental effort with 
empirical correlatiofis. 


Annular flow. 
Part. nuc. boil. 


r 67rP . a-31rPDen 

= 0.225 ^ ^ -J 

[p A J I |_P^. J [ c J 




Steam-water. h.^,^ = • 0.6 

Annular flow. 

Saturated nuc. boll, q tn BTU/hr ft2 


Steam -water. 
Annular flow. 
Saturated nuc. boll. 


Water, benzene, 
pentane, heptane 
.Annular flow. 


h = h • 67 00 — ^ + 0.00035 (X )' 

Si [hj^G '^t' J 

nucl. boiling forced conv. 
number evaporation 

^ conv. **flow conv. 


*79 .45 .49 .25 

.Annular now. r Cj, p j g^ ^4 75 P'® 

Saturated nuc. boil. hjj^ = . 00122 — — ~ — ^ aT aP’ S gravity 

L o' ''u; hl^ p' -I 


No gravity etlects. Restricted 
to apply to early annfilar flow 
regime. 


Bubbles do not burst film. 
Mechanism convection and 
eddy diffusivity In liquid. 

No gravity effcct-s. 

No gravity effects; error 
derv. i 30'^ . 

Combines nucleate boiling and 
forced conv. evaporation. 

Range of data to quallHes of 
71% are correlated within t 10%. 
No consideration is given to 
gravity effect.?. 


hfc=-023 (Re/'’(Pr,)' ~F 


where F = F(l/X[t) = (Re/RCjj)' and 
1.25 

S = (Re* • F ) 


Bennett for film boil- Steam-water. 
Ing regime with drvuwall Film boiling, 
mist 0<3W. Experimental Mist flow, 
with empirical correla- 
tion. I 


Merte and Clark'" LN2 boiling from 

confirm Noyes(-b sphere, 

correlation for boiling, 

from 10-2 to 1 g for 
nucleate bofltng. 1 


Impinging droplet evaporation 
neglected. Gravity effects 
not considered. 


x-tt LpvJ 

.84 -.04 

r”e"vV] „ 1/3 fLl - L 

.84 

bD rD u p a , , 

^..0133r-^| Pr ^>60 

ki L J ^ D 

_(p^_o )2 1^/^ Authors add gravity effect to a 

<q/A) = . 144 h^ ^ gg c 1-g correlation of 7,ubcr 

L J (Noyes modif. ). verify over two 


-.245 , .25 

X Pr (a/g) 


(Noyes modif. ).vi 
fold change a/g. 
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It 4»«gBnerally acceptod that the correlation for the fully-developed forced-convection 
nucleate pool-boilinj^ regions, C and D,can be established as an extrapolation of the 
pool-boiling curve. This suggests that the form of the equation from fully-developed 
pool boiling will be valid for flow- boiling in a modified form. The pool-boiling cur\'e 
thus is extended to hij^her delta temperatures and higher heat fluxes. 


The transition to the forced convection pool boiling region is smooth and the form of 
the correlations for subcooling boiling are retained where Tf is now replaced by 


WALL AND FLUID | 

I flow 


heat transfer 

TEMP variation! 

I PATTERNS 


REGIONS 



t 

I 




Single - 
phase 
vapour 



Convective 
heat transfer 
to vapour 


Drop Liquid defejent 
flow region 





! I 

Annular i 

flow With I 

ei.trainmenf I 

I Forced 

convective heat 
I transfer thro' 
liquid film 

-b- 

1 

Annular 

flow 



Slug Saturated 

flow nucleate 

i boiling 


Bubbly 4 

flow 1 

1 Subcooled baling 


Single- Convective 
pihase heat transfer 

liquid to liquid 


Figure 2-G. Heat Transfer Regions and Flow Regimes Progressively Change in Two- 
Phase Flow Forced Convection Roiling (From Collier, Ref. 28) 
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Correlations in tliis repon are independent of mass quality and mass velocity. The 
condition of constant leads to a constant heat transfer coefficient. 

The forced convection nucleate boiliiig rej^ion evolves to a two-phase forced convective 
region, E and F,as boiling continues ;uk! quality increases. Dengler and Addoms, 
Bennett and others offer correlations for the two-phase heat transfer coefficient hq-p as 
a function of the liquid phase heat transfer coefficient h^ and Martinelli’s Vj.,. turljulent 
factor. 

Continuing the supeiTposition principle clearly into ihe two-phase forced convective 
region (predominantly annular flow), the heat transfer coefficient is defined hq’p 
hycB ■ ''c Chen (Table 2-.‘l). 

.As heat flax increases in the nucleate boiling regions, B, C and D,cmd tlie genei’atic;n of 
vapor increases, a critical heat flux regime may !jc reached. The nucleate boiling 
phenonm-na is inadequate to satisfy the existing wall heat flux, hi the two-phase forced 
convective regions, E and E, the attainmeni of the critical heat flax coincides with 
"dry out" or the start of ilic liquid deficient region, G. Both enijiirical, Macbeth, 
and phenomenological apiiroaches have been taken to correI:itc tl.-iia in these regions. 
■Separate correlations ai'c offered for the low mass velocit.y region (G < 5 ^ 1C'-' lb 'hr 
ft-) and the high mass velocity region. 

One of the merits of the proposed experiment lies in the opfiurt unity to identify flow 
regimes in the reduced-gravity environment and confirm the applicability or non- 
applicability of the heat transfer correlations for each region. 

2. I PAST EXPERIMENTAL LIMITA'J'IONS 

Prior evaluation of gravby-effects on two-phase fluid flow has been limited by the 
inability to achieve adequate duration in reduced-gravity. The heat transfer process 
does not stabilize in a flowing system in the time period available in aircraft or drop 
tew'er tests. In one-g, rotation of the tube axis through 90“ has Itmd to different flow 
regime and heat transfer performmice but has done little to exY)l;iin the anticipated 
performance in reduced gravity. Aircraft tests have been the most productive in 
verifying a sensitivity to gravity level; however time limitations :md the level of the 
acceleration field were both unsatisfactor>- for heat transfer analysis. Dn>p tower 
test.s, although providing the true low-gravity field, are limited in both time duration 
and size. Thus, the Spacelab environment will tifford the fii-st (pportunity to examine 
the two-phase heat transfer process at two controlled grtuity icvcLs. 
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SPACELAB EXPERIMENT CONCEPTUAL DESIGN 


Having established technological and scientific needs for an orbital experiment to 
collect engineering data for two-phase fluid behavior, this section defines a conceptual 
experiment for Spacelab to achieve this end. The objectives for combined regime 
definition, pressure drop and heat transfer experiments are outlined. An experimental 
apparatus is described which uses the fluids water and Freon. The data to be collected 
is described ai:d the experimental procedures are discussed. Finally, the costs to 
develop this experiment for Spacelab were determined. 

3. 1 OBJECTWES 

3. 1. 1 FLOW REGIME/PRESSURE DROP EXPERIMENT. The predicted shift of two- 
phase adiabatic flow regime boundaries with change fi-om 1-g to a low-g environment 
was discussed in Section 2. Previous measurements of this shift were handicapped by 
brief duration of low-g available aboard an aircraft. An objective of this e.xperiment 
is to detei-mine flow regime boundaries for an environment of sustained near zero-g, 
as is chai'acterlstic of space flight. The sustained environment will provide steady- 
state data. Further, the range of flow parameters should encompass the complete 
range of flow regimes at both 1-g and near zero-g. Then the boundaries at 1-g and 
near zero-g can be compared so as to provide a reliable definition of the boundary 
shift. 

Another objective is to relate two-phase frictional pressure drop to the influence of 
gravity. There is limited experimental evidence that frictional pressure drop 
increases w'ith reduced-gravity due to changes in flow regime. A sustained low-g 
environment will enable a more reliable definition of this pressure drop increase. 

3. 1. 2 FLOW BOILING EXPERIMENT. The objective of the heat transfer experiment 
Is two-fold: to establish modified one-g correlations applicable to the reduced gravity 
environment and to develop insight into the mechanisms of heat transfer in the absence 
of gravity. Current correlations depend on contributions of nucleate boiling and forced 
flow to define the heat transfer process. The magnitude of these individual contributions 
in reduced gravity must be determined. The heat transfer process for fluid flow takes 
a long period to reach steady-state so that no suitable test environments have been 
available to date. The heat transfer is regime dependent therefore it is significant to 
both define the regimes and collect the heat transfer data in a reduced-gravity environ- 
ment. 
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3. 2 EXPERIMENT HARDWARE CONCEPTS ANALYSIS 


The candidate concepts in subsequent discussion are promised on providing hardware 
for tft'o experiments, namely (a) a "Flow Regune/Pressuro Drop Experiment" similar 
to that reported in Reference 20, and (b) a "Flow Boiling Ex^’>eriment" in which a single 
component fluid enters a heated test section eithe; subcooled or at low vapor quality 
and exits at higher quality. The two experiments, and perhaps others, may share some 
hardware components where economical and feasible without compromising experiment 
objectives. 

3. 2. 1 TEST SECTION SIZE. A small diameter tube has olndous advantages in terms 
of corresponding low flow rates and low mass, volume, and power requirements for the 
hardware. A limitation on size reduction is Inherent in the requirement to visually 
identify flow patterns. Such identification may be by direct observation or by viewing 
still or motion pictures. Genei’al Dimamics Convair experience (Ref. 20) was that a 
2.51 cm (1 inch) diameter How channel was adequate in size for both direct observation 
and l(i mm motion pi' tures. Still photos were not made. It is estimated tliat the lower 
limit for direct flow pattem identification without optical aids is about 1 cm diameter. 
This does not preclude using a mafmifier to view flow in a local area, but the value of 
an optical aid.,Ah these circumstances is minimal. Not only would the apparent speed 
of motion be magnified, but flow pattern identification would be further inhibited by 
the limited field of \ iew. 

Photographic recoi'ding is less subject to the restrictions noted above. Still photos 
can be enlarged several times without significant loss of resolution. Motion pictures 
can be projected in slow motion and on a screen sized according to viewing distance. 

Considering geometric accuracy, larger size has advantages because there will be 
propoi’tionally less effect from diameter measurement error, roughness measurement 
error, presence of contaminating particles, or the Intrusion of sensors. 

A test section L/D of 20 was used for the experiments reported in Reference 20. 
Observations were that the entrance disturbances could be seen to persist for various 
distances downstream of the entrance. At the higher flow rates, it appeared that the 
flow pattem changes were occurring up to the test section exit. It was concluded that 
an L/D of 20 was loo low. 

Fitzsimmons (Ref, 24 ) reported the effect of an upstream flow disturbance on pressure 
drop through a bend which was located 56 diameters straight downstream of the 
disturbance source. The measured £iP was about 1. 6 times higher when the flow 
disturbance was created than when it was not. This result contrasts with single-phase 
practice in which 15 to 20 diameters is recommended for the "recoveiy length." 
Recovery length is the length of straight pipe downstream of a disturbance (tee, bend, 
valve, orifice, contraction, exp;insion) for re-establishment of a fully-developed 
straiglP pi!>e flow. 
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Considering the foregoing, the test section size selected for further conceptual analysis 
is 1. 5 cm (0.6 in) ID by 30 cm (30 in) long, thereby providing an L-'D of GO, Although 
there is the option of different test sections of different sizes for the two experiments, 
the advantages of less space and more simplicity indicate that a single test section 
should sen'c both experiments if feasible. 

3.2.2 TEST FLUIDS. The flow regime/pressure drop e.xperiments reported in 
Reference 20 employed water and air. The more important criteria which supported 
this selection were safety; the ubiquitous use of l>oth fluids in engin eer ing practice; 
and the e.\tensive background of ground-based analytical and e.xperimental efforts with 
this fluid mixture, against which low-g flight results could be compared. Further, the 
gas being air was readily compatible with an open loop using the aircraft cabin air. 
These same cilteria apply to an experiment aboard Spacelab and lead to the same 
recommendation. 

If there is reason to abandon the concept of using cabin air in an open loop, then N2 is 
essentially equivalent in meeting all other criteria and has a further advantage of 
being relativelj' inert. 

Selecting a fluid for the flow boiling experiment also requires consideration of safety 
and of properties similarity to fluids e.xpected to be used in space applications. 

Further, because it may be difficult to accurately measure heat exchange with the 
environment, it is desirable to approach zero lieat excluuige Ijy operating at near room 
temperature. This also eliminates time delays for (he fluid and apparatus to change 
from room temperature to operating temperature. A vapor pressure of about one 
atmosphere at room temperature i.s desirable to minunize problems of leakage and 
stress in the test secflon, A low freezing point may be desirable so that solid does 
not form in overboard discharge ports if there is overboard discharge. 

Water is excellent in many respects, but has a high'frcezing point and a vapor pressure 
of only 2.43 kN/m^ (0,36 psi) at room temperature. At such a low pressure and low 
vapor densiW, the void fraction, a, and the vapor volumetric flow fraction, B, are very 
high for a given quality, x. Pressures so low, and void fractions so high, are not 
typical of expected applications. There is the possibility of operating with water at 
temperatures near 373K (212F) and a pressure near one atmosphere. 

The various halogen compound refrigerant fluids offer a wide range cf vapor pressure 
versus temperature characteristics. Considering safety, they are less de.sirable than 
water. Their to.xicities range from low to moderate, and their flammabilities range 
from nonflammable to ’’capable of forming weakly combustible mi.xtures with air." 

Table 3-1 shows some properlie.s of a selected few refrigerants in the range of interest. 
.All hax'e low freezing points. Of those shown. Freon- 11 is nearest the desired 
characteristics discussed above. 


3-3 


/ 


/ 


ORIGIXAL PAGE IS 
OF POOR QUAIJIT 



'I'aljlO 3-1. Candidate Fluids for Flow Boiling Experiment 
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Consideration \v,is given 'o aicohois, hydrocarlxms, and olher materials of vapor 
pressure dcmperature characteristics similar to tiie Freons ol Table 3-1. The 
hydrocarbons and aicohois '•.ere rejected for reasons of safety, e.sptrcially flammability 
and toxicity. A 'ni/>ef suiwey of glvcols, light oils, various dielectric fluids, expend- 
able coolants, arui other refrigerants revealed properties gcnerall', less s.'itisfactorj- 
than Frcon~ll. Ciwogenics were rejected because of increased experimental 
complexity in departing fre ir. room temperature fluids. 

3. 2. 3 EXPERIMENT OPERATING PoR.AMETERS, 

3.2.3. 1 Flow Regtme/Pressure Drop Experiment. . Figu,res 3-1 ;uul 3-2 shc.w a 
proposed rangc^ of operating parameters, namely total mass velocity, G, fpom 10 to 
G40 kg/sec-irm (7-tOO to 472,000 Ib/hr-ff^), and gas quality, x, from 0.01 to 0. G4. 

It is desirable that the range of parameters encompass the distributed, segregated, 
and intermittent flow regimes for both 1-g and low’-g operation. However, increasing 
the range increase.s the time and resources required to acquire enough data. Also, a 
preliminary calculation indicates that test section pressure drop will be e.xcesslve at 
combined maximu.m G and maximum x, and that pressure drop will be acceptable if 
the operating region omits the shaded area of Figures 3-1 and 3-2. The corresponding 
limits are then x 0. 16 at G •- 640 kg/sec-m^ (472,000 lb/hr-ft2), x 0..32 at G = 320 
kg/sec-m2 (23G,000 Ib/hr-ft^), and x 0.G4 at G • 160 kg/sec-m2 (118,000 Ib/hr ft2). 
The 4G grid intersections of the ojxmating region repi'esent 4G data points and would 
require about Hi rnir.utos (jf 'poralion. In the near zero-g environment of Spacelab 
the flow regime boundaries are oxiiectcd to shift more than .shown in Figure 3-2 for 
a 10 ' 2 g-envi I’onnic:!'. iRef. 20). If the experiment operotor (I’aidoad Specialist) 
observes (hcl such a .shift occurs, he may extend ihe range by reducing. G to a set of 
values tieii (he matri.x of Figure 3-2. To provide for 'his contingency, the time and 
rcsou IV sh, -i.'. cRow for at»ut 80 data points. 
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Figure 3-1. Baker Operating Regions, Flow Refrtnie/Pressure Drop Experiment 



Figure 3-2. Quandt Operating Regions, Flow Reglme/Pressure Drop Experliiient 
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3. 2. 3. 2 Flow Boiling Fxpnrnieni. ’I'iio or.cniUiM; i;up>f for the flow boiling experi- 
ment was based on generally the same crileii:. ecpressed for the flow regimes/ 
pressure drop exiKTin'.en! ; i. e, . the rtuigc of mas., velocitle.s and qualities should 
encompass the disu-iljuted, segia.a-r.cd, r.ad liitennittent regimes for both 1-g and 
near zero-g. The o])arnt!ng ri;gi m m:i;i in i-'sgure jJ-3 and l is ba.sed on li(}Uid 
Freon-11 initially st<jred at Spacelab m!K!,i!e .-.mbient temperature and pressure (^29-tK, 
lOlkN/m^; 70F, M. 7 p.siab then expanee:; '"n-ni’-.aipicaUy upstream of the test section 
to a selected lower pressure and teiiioeratui e. .’for oiitcring at low vapor quality, the 
fluid flowing withht the to-i section i/oi!.-; a t g-d uniformly ami l.solhermally. 
Discharge from the test section is at a, ouali. m c.t entry by an amount 
directly proportional to hcatir.g rate am.t ir.. .i.'itiv .an lo mass flow rate. 

Parameters corresponding lo a! ilu; t..f 'a. 'n s of the operating region are 

maximuni C^/A - 1.35 watt.s etn •' tm,' . cc.i. u ; , i -.urbice, maximum Q - G79 watts, 
maximum mass vel()Cit> <1 u.SO kg .si.'.'-m'-- ( '72, in - it--), maximum flow w -0.12 
kg/sec (925.2 Ib/hr), minimum b;dlin,-, le.npi- ^au.re 270K (2<tF), and minimum test 
section pressure p l-.b'!;;-'’ .;5 p..';:'. 

The operating region sno..n In Figure t:-9 is ..tn^rtertn on 21 "set points." It Is 
estimated that the opora'iti.; . one leqaii ca. \ bl bi accei tv.'o minnies per set point, or 
n.un rsK;;;-;, 

■ it H< V - - - . : g-'.-M.. I • H X' 7b I !'*' V i’K.S I’ -l i =N 

F:N'n»,.'-.‘-vT .• ; ' . -r: n -iv ^r.c *. i .v tmI' »h:.; 
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0.001 0.01 o.l 1.0 

GAS QUALITY, kg gaa/kg total 


Figure 3-4. Baker Operating Regions, Flow Boiling Experiment 

56 minutes total. As stated earlier, the experiment operator may observe reason to 
extend the operating region in the direction of lower flows. The option exists for 
extending the experimental range into. the subcooled region. With Freon-11 stored at 
the pressure and temperature conditions stated above, the degree of initial subccoling 
available is 2. 6K (4. 7F). Time and resources for at least 40 set points should be 
provided. The proposed experimental data pbin is limited to the single Spacelab environ- 
ment of 10“4 g, however opportunities for data at a second level of 10”2 g should be 
considered as further experiment definition continues. 

Examination of the operating region in Figure 3-3 also raises the question of data at 
qualities near one and in the superheated vapor region. " Because of heater limitations 
(Section 3. 2. 4), dryout may not be achieved at the high mass velocities, however, this 
regime can be examined at the lower mass velocities. Figure 2-6 shows dryout 
occurring at qualities below one as the transition from the annular into the dispersed 
regime takes place (see also Figure 3-4). 

Data from the literature (Kirby, Kef. 29) was found which indicates the qualify at dryout 
under normal gravity conditions. At this condition, a largo and discontinuous decrease in 
the heat transfer coefficient has been observed at the indicated axial location which corres- 
ponds lodryout of the annular film. This quality condition at dr>'out is shown in Figure 3-5 
for Freon 12 tests (Jtef. 29). The 16.1mm curvewith Gof49.3 gm/sec-cm^ is close to 
our conditions, 15.2 mm tube with G of l i gm/sec-cm- at the highe.st flow rate. The 
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Xg , QUALITY AT END Of ANNULAR FILM 

Figure 3-5. Freon 12 Dr\'out Data Indicates Dependence on Mass 
Velocity (Kii’by, Ref, 29) 


maximum design heat flux is 1. 55 watls/cm^ for Gy with lower Duxes decreasing by 
factors of 2 to maintain Q/G constant (Figure 3-3 refers) except in the 5 psia range 
where Q is held constant for the highest five mass fluxes. With the selected heater 
size of 579 watts, Q/A 1. 55 watta/cm^, required dryout qualities will tyirically exceed 
0.85 for the flow rates muler consideration. Table 3-2 indicates the burnout heat ilux 
for our ex) 5 erimcntal configuration based on design flow rates and the e.xtrapolation in 
Figure 3-5. It can lie seen that the qualities required for dryout to occur are in excess 
of those exyjected for the experiment design proposed, therefore, to. achieve burnout, 
the heater power would have to bo increased o\'cr the design value for mass velocities 





Table 3-2. Burnout Qualities and Healer Power 


G kg/sec-m^ 

64(i 

320 

160 

80 

4C 

20 

10 

Planned Q/A watts/ 
watts/cm 2 

1.55 

1. 55 

1.55 

1,55 

1.55 

0.775 

0.388 

Outlet Quality at 
Burnout Xg 

-0.85 

~0. 91 

-0.94 

-0,96 

-0.97 

-0.98 

-0.99 


through G5. The proposed experiment does not Include test points for these conditions 
due to the excessive heater power required, however this matter should be examined 
further in the detailed design phase. It should also be noted that in low gravity flow 
regime changes may initiate dry' out conditions at lower flow rates and qualities than in 
normal gravity. 

3. 2.4 TF.ST SECTION HEATING. Criteria for the test section heating concept 
include the following: 

1. A uniform q/A is required so that measurement of total Q and total A will 
yield an accurate Q/A for any position on the test section. 

2. .Since visibility and photographic recording of fluid behavior arO important, 
the heating teclinique must not significantly degrade this capability. 

3. The tcclmique must be compatible with the maximum rate desired and with 
Spacelab utilities capabilities. 

The concept of a forced-convcctlon hot water jacket surrounding the test section was 
analysed but rejected because it did not provide a uniform source temperature or 
uniform Q/A. The concept of an electrically conductive, transparent coating on or 
inside a 1. 5 cm (0. 0 in) ID by 90 cm (3C in) long tube was pursued with a manufacturer 
of electrically heated aircraft windshield materials. The performance parameters 
representative of current technology' were a power input of up to 0.78 watts/cm^ . 

(5 watts/in2), visible light transmittance of 70 to 80^/., and recommended film 
resistivity' in the range of 0 to 25 ohms/square. While this performance would have 
been minimally acceptable (loss than 10 watts/in^), the manufacturer rejected the 
concept of film deposition in or on the tube as technically too difficult. An earlier 
investigator used a thin transparent metal film deposited on the inside of a glass tube 
with Freon 22 as the test fluid at heat fluxes up to 6 watts/cm^, (Ref. 30). This 
approach should be pursued further during the detailed design pliase to evaluate light 
transmittance in their work. Also, his data Imiicates an alarming difference in 
surface finishes for glass vei'sus stainless which must be considered further. 

The third concept analyzed was a spiral wrapping of electrical resistance wire around 
a transparent tube. With fine wire and some spacing of turns, the view of the Interior 
would not i)c significantly of)scured. The material of the, tube should have high thermal 
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conductivity to promote heat transfer in the intended direction. Representative 
conductivities are K - 0.20 watts/m-K (1.4 Btu-in/hr-ft^-F) for clear acr>'lic 
(Lucite), K - 1. 25 watts/m-K (8.7 Btu-ln/hr-ft^F) for glass, and K = 1. 9 watts/m-K 
(13. 2 Btu-in/hr-ft“-F) for fused silica (quartz). 


Resistance wire calculations were based on compatibility with the flow boiling experi- 
ment operating region described in Section 3. 2.3. 2 and shown in Figure 3-3. The 
maximum power stated is G79 watts, and minimiun power, corresponding to = 

1/64 is 10. 6 watts. This implies a controllable voltage supply from an ac 

source. At 115 VAC maximum, the minimum would be 1.8 volts. The resistance 
corresponding to 115 volts and 679 watts is 19,5 olims. Table 3-3 shows some 
candidate wire materials and sizes, and the lengths having 19.5 ohms resistance. 

Figure 3-G shows the relationship of wire length, axial pitch, and number of helical 
turns at 1. 78 cm (0. 7 inch) pitch diameter round a tube of 90 cm (3G in) length. The 
alloy 55*;? Cu 459?, Ni (commercial names Copel, Constantan) shown In T^ble 3-3 
has the favorable characteristic of an unusually low temperature coefficient of 
resistance, this being * 0.2 x lO"*^ olims/olmi/C (Ref. 31). From Table 3-3, the 
Copal AWG 24 size has a length of 8.2 m (2G. 9 ft) for 19. 5 ohms, and from Figure 
3-6, 8. 2 m (2G. 9 ft) length would make 145 turns at an axial pitch of 6. 4 mm (0. 25 
in). The wire diameter being 0.51 mm (0. 020 in), theic wi.-uld be a view obstruction 
of 0. 51 mm (0. 020 in) per G. 4 mm (0. 25 in) tube length, or 8'9. One could choose 
another size, such as AWG 30, having a diameter of 0. 254 mm (0. 010 in). The 
corresponding parameters are a length, of 2. 04 m (6, G9 ft), 32. 5 turns, an axial 
pitch of 27. 9 mm (1. 1 in), and a view obstruction of 'I’lie AWG 24 size at 0, 61 mm 


Talvle 3-3. Resistance Wire Characteristics 
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Figure 3-6. Helical Configuration Resistance Wire Winding 


(0. 25 in) axial pitch is preferable for uniformity of heating and the resulting 8*^ view 
obstruclion is considered acceptable. 

Another part of the tube heating concept is that a transparent, insulating jacket may be 

used to reduce heat loss from the resistance wire to ambient. Figure 3-7 is a 

transverse section vie\v’ showing a jacket of clear acrj lic (Lucite). The square section 

provides flat surfaces which are preferable optlcallj’ to a curved surface. The space 

between the quartz tube OD and the jacket ID will contain the helical tube wrapping of 

resistance wire, and may additionally be filled with a clear, inert dielectric liquid of 

low vapor pressure. The puipose of the liquid is to improve uniformity of heat 

conduction from the resistance wire to the tube wall. A candidate fluid for this l 

applicati < n is FC-43, which is reported by the m.anufacturer to be nonflammable, 

highly ij ert to chemical reactions, and "essentially non-toxic under normal industrial 
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conditions.'' Some of the properties of 
FC-43 at room temperature are a vapor 
pressure of 0. 3 mm Hg, a dielectric 
strength of 56 kV per 0. 254' cm (0. 1 in), a 
thermal conductivity of 0,085 watts/m-K 
(0. 0 19 Btu-ft/hr-ft2-F), and visible light 
transmittance of about 99 % through 1 cm 
thickness. 

Calcuiaiions indicate that with a jacket of 
the ccnfiguratiun described, heat loss to 
ambient will not exceed 2" when power is 
applied at the maximum rate of 679 watts. 

The jacket described may also be designed 
so that it constitutes a secondary contain- 
ment barrier providing added assurance that 
test fluid will not escape into the Spacelab 
module atmosphere. The jacket of, clear > 
acinTic is also a protective covering for the 
quartz tube against damage in handling. 

3.2.5 FLUID MANAGEMENT CANDIDATE CONCEPTS. The term ’’fluid management" 
is used to mean the basic flow configuration involving the fluid source(s), the test 
section, and the hardware for disposition of the mixed phase fluid after exit from the 
test section. The approach t:il<en was to assess fundamental practicality of several 
candidate configurations in order that the least practical could be dropped from further 
consideration. The remaining candidates 'were subjected to a more detailed study. 
Initially, the bvo experiments were considered separately for evaluation of the candidates 
Later the amenability of candidates for integration was one of the evaluation criteria. 
Also, evaluation was within the context that the experiment hardware shall be contained 
within a double rack of the Spacelab module. Each candidate concept was given a title 
reflecting fluid management characteristics and has been Illustrated by a flow schematic 
of only sufficient detail to enable this initial screening. 

3. 2, 5.1 Single Pass, Overboard Dump (Figure 3-8). 

a. Flow Regime/Pressure Drop Experiment (la). The volume of stored gaseous N '2 
corresponding to the 46 data points of Figure 3-1 at one minute per data point is 
about 0. 113 m'"^ (4 ft3) at 6895 kN/m2 (1000 psfa). While this volume Is not 
excessive relative to the volume in a Spacelab double rack, the concept does not 
comply with the safety constraint in Reference 32 that "pressure vessels shall 
normally be Installed e.xterlor to the Spacelab cabin;" :uid it does not conform 
with the principle of "design for minimum hazard” (Itef. 32 ). Therefore, this 
concept was dropped from further consideration. 



Figure 3-7. Trarisverse Section, Tube 
and Jacket 
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Figure 3-8. Single Pass, Overboard Dump Concept 


Flow Boiling Experiment (lb). 
The quantity of stored Freon- 
11 corresponding to the 28 set 
points of Figure 3-3 a-t 2 minutes 
per set points is 111 Kg (245 lb) 
with a volume of 0. 075 m3 (2. 64 
ff3). It appears that the safety 
requirements relating to 
pressure vessels can b» let 
by operating at pressures of 
ambient and lower. The safety 
requirements relating to toxic 
materials (Ref. 32 ) can be met 
by double containment. Some 
question remains as to whether 
overboard discharge of Freon- 
11, or ajny fluid, will be 
permissible at the rates for 


this experiment. It is assumed- that timing of the experiment and direction, of the 
discharge from the vehicle can be such that this approach will be approved. 

3. 2. 5 . 2 Single Pass, -«©»iHtection Concept (Figure 3-9). 


a. 


Flow Regime/Pressure DFop Experiment (2a). This configuration does not resolve 
the pressure vessel safety problem described for the preceding concept. Also, the 
low pressure receiver would have a volume of 7.5 m3 (2G5 ft3). This configuration 

was dropped from further considera- 



-•u Flow negim*'- Presaurp Dr«jp E.xpcrtmenl 


CAS^LIQHD 



2hi Flow BoiUtig Experiment 

Figure 3-9. Single Pass, Collection Concept 


tion. 

b. Flow Boiling Experiment (2b). 
The low pressure receiver 
volume would have to be over 
5. 4 m3 (190 ft3) for the series 
of set points of Figure 3-3. 

This configuration was dropped 
from further consideration 
because the volume is excessive 
for a location within the Space- 
lab module. 

3. 2. 5. 3 Fluid Collection, Batch 

Recycle (Figure 3-10). 

a. Flow Reglme/Pressure Drop 

Exj)eriment (3a). The operating 
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scheme is that test section 
(iischar(?e for a few minutes of 
operation underjjoes phase 
separation and collection, the 
test seetio)! How is Interrupted, 
and the collected fluids are 
pumpeti back into the supply 
vessels. The recycle rates are 
much lower than and essentially 
independent of test section flow 
f-Mes. Siqiply and collection 
vosseis aie small relative to 
those in previous cor fipturat ions, 
and Heferencc 32 allows that 
■'sintili pressure vessels may be 
permitted inside the ctibin 
provided llicy do not have a 
credible e>t]'>losive ftiilure ntode 
;ir.(t their failure will ne-t texpr^se 
tile crew of vehicle lu hazarti. ' 


At.TEilSATE 



n V»JcrN.M:Nsr:n[.- 


3bl Flow llodbiR E.vperimoni 

Figure 3-10. Fluid Collection, Batch Uecycle 


Wininmm g;is vt^ssel volumes are 
detexTiiined by the data point of 
maAlrn'mi mass \el->city tUid 
maximum C|uality shown In Figure 
3-1, atid by a criterion of one 

minute of flow per data point. Tn-'se voliunes arc 0.5 fl3 at 1000 psia for the gas 
supply vessel and 31. 1 ff' at 14.7 psiti for the gas receiver. Since the latter 
volume is excessive, tuid the fluid management configuration is undesirably 
complex, this concept was dropped from further consideration. 


b. Flow Boiling Experiment (3b). In this concept there are no lai-ge volumes because 
the test fluid vapor is condensed. The alternate conflgui'ation shown in Figure 
3-lOb has an advantage of some levelling of the condenser flow rate. How-ever, 
design and development of any zero-g condenser would be a much more extensive 
and uncertain midertaking than for the other components being evaluafed. This was 
Judged to be sufficient reason to drop the concept from further con-sider.ution, 

3. 2. 5. 4 Continuous Liquid ;md Cas Rt^cycle (Figure 3)-ll) 

a. Flow Regime/Pressure Drop Experiment (4a). In this concept the g.as is cabin air 
and the entire cabin seiwes as a collection and source vessel. Control of flow- 
rates is by variable sjjeed conirols on the Iilower ard j.’.uvip. 4Tii.s approach was 
successful in recent .-lircraft flight expei-imenfs on ; iihase flui<is i^ehavior 
(Kef. 20 )• I’he combimsi electrical power dcni;ui(! ■ l. i.,e pumping components is 
fairh' high. 
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b. Flow Boiling Experiment (4b), 

Continuous recycle involves condens- 
ing. For reasons stated earlier, a 
condenser requirement is sufficient 
reason to drop tliis concept from 
further consideration. 

3.2. 5.5 Continuous Liquid Recycle, Gas 
Overboard (Figure 3-12) 


4a) Flow Rer-cie/Pressure Drop 
Experirceai 



4b> Flow Experiment 

Figure 3-11. Continuous Liquid and Gas 
llecycle 


a. Flow Regime/Pressure Drop 
Experiment (5a), This concept 
includes a high pressure gas 
storage vessel and is dropped for 
reasons stated earlier. 

b. Flow BollLng Exiaeriment (5b), 
Compared with total overboard 
discharge this concept can reduce 
the quantity of stored Freon-11 
fnmi 111. 1 kg (245 lbs) to 13. 6 kg 
(30 lbs). The quantity expended 
overboard is likewise about 13. 6 
kg. 


3. 2. 5. 6 Concepts Screening Summary. All of the concepts having high pressure gas 
storage were dropped because of the safety constraint. The objection to high pressure 
gas storage v/ould be diminished if the pressui’e vessel were located on a pallet, but 
even then, the concept would ■violate the principle of design for minimum hazard. If 
use of a pallet were acceptable, then cryogenic storage could be considered. 


Also, all of the concepts having collection vessels for test section effluent were 
dropped because of excessive volumes for the collected gaseous phase. The volume 
requirements are directly related to parameters of test section flow area, maximum 
mass velocities, and flow durations per set point wlilch were established earlier. If 
the collection volume could be reduced by about an order of magnitude through an equal 
reduction in the product of the parameters named, then the concepts with batch I’ecycle 
could remain in consideration. However, the batch recycle would be undesirably 
complex and time consuming. 


Table 3-4 summarizes the concepts screening results. Preferred concepts are lb, 
4a, and 5b. In the event overboard discharge is not acceptable, the alternate flow 
boiling concept preference is 4b. 
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3, 2. 6 EXPANDED CONCEPTS 
DE FIN IT” ON, The concepts 
which passed the screening are 
here defined in greater detail 
for the purpose of further evalu- 
ation. The two experiments are 
first dealt with separately, and 
subsequently the integration of 
experiments is addressed. 



5b) Flow iViIllnf? tspcriment 


OVtRBOAnD 


Figure 3-12. Continuous Liquid Recycle, Gas 
Overboard 


3. 2. 6. 1 Flow Regime/Pressure 
Drop Experiment. Figure 3-13 

is a detailed flow schematic based 
on the concept 4a shown in Figure 
3-11. The test section has been 
prevloush' described in Sections 

3. 2. 1 and 3. 2. 4, The controls 
include valves V-1, V-2, and 
V-3 for isolating the test section 
from fluid management components. 


From Figure 3-1, a requirement is calculated for a 176 to 1 range hi water flow and 
for a 1024 to 1 range in air flow. Experiment operation may reveal that even greater 
ranges are desirable. Figure 3-13 shows variable speed controls (also known as 



Table 3-4, ' 

Concepts Screening Summary 



(’oilCl'pt 

I'.xpe rimenl 

Onbda rd 

Fluf<ls 

Fluids 
CVerboa rd 
kg (lb) 

Concept 

llejected 

V 

liejectloi) 

Criteria 

WclKl-.t, 
kg (lbs) 

Volume 
m3 (fl3) 

la 4Sint;lo Pass, 

Plow lU-glmes/ 

289 

0. 08 

289 

Ves 

Safety 

OvorixKiril Dump 

i’ressuro Drop 

(G37) 

(21) 

(037) 



Sb Single* Pass, 

Plow Bolling 

111 

0. 070 

111 

No 


Overboard iXimp 


(215) 

(2.7) 

(215) 



2a Single Pass, 

Plow Pcglmes/ 

289 

99. 1 

i-iono 

Yes 

Excessive Volume 

ColUetion 

Pressure Dixip 

(037) 

(3500) 




2b Single Pass, 

Plow Boiling 

111 

5.38 

None 

Yes 

Excessive Volume 

Colivi tion 


(215) 

(190) 




3a CoMectiun, 

Plow Peglmcs/ 

9 

4.0 

None 

Yes 

Excessive Volume 

Batch Pecycle 

Pressure Drop 

(20) 

(110) 




3b Collection, 

Plow IkiiUng 

50 

0.51 

None 

Yes 

Zero-g Conden.ser 

Batch Uecyclc 


(35) 

(18) 



Development 

•la Continuous Pecycle, 

Plow Peglmes/ 

5 

0.000 

None 

No 

— 

Alr/H20 

Pressure Drop 

(10) 

(0.2) 




4b Continuous Pecycle 

Plow IkilUrig 

5 

0. 000 

None 

Ves 

Zero-g Cuiulenser 



(10) 

(0.2) 



DcveIo|)m**nt 

5a Cont 1 miou s I \ ccyc 1 e , 

Plow Hegtmes/ 

no 

0.051 

111 



I.iquid Only 

Pressure Drop 

(255) 

(1.8) 

(215) 

Ves 

Safety 

5b Continuous Hecycle, 

Plow Bolling 

11 

0.008 

11 

No 


Liqtiiil Oidy 


(30) 

(0.3) 

(30) 
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I'ii^ure 3-13. Flow Keglme/Prcssure Drop Experiment Flow Schematic 

aiijustable speed controls) for the pump and blower motors. The performance available 
from such controls is precision, stepless speed adjustment over ranges up to about 1000 
to 1. It may be necessary to limit the speed range due to performance characteri.gtics 
of the pump and blower. The valves V-4 and V- 5 shown in Figure 3-13 provide a 
variable bypass capability for control of low flows to the test section. Valves V-6 and 
V-7 are like \'--l and V-5 except that they are much smaller and a. for vernier control 
of bjToss. The combination of variable speed and variable bv'pass has at least three 
objectives: (a) to acMeve the extreme flow ranges desired, (b) to enable precise flow 
settings, and (c) to avoid extreme power inefficiencies. 

The liquld/gas separator operating range is the same as the test section range (Figure 
3-1) and is extreme in both flow and quality. Figure 3-14 is the specification control 
drawing for the motor-driven, centrifugal liquid/gas separator which Is mentioned in 
Reference 20. This unit operated satisfactorily over wide flow and quality ranges, and 
during aircraft flights, with a g-level exposure range fx'om near zero to slightly more 
than <2. It also operated in sustained 1-g during ground tests. A unit of this tiTc is 
proposed for the concept of Figure .3-13. A two-speed motor control is adequate to 
enable the higher speed for sustained 1-g ground operation and the lower speed for 
sustained near 0-g operation in Spacelab. The liquid capacity of the separator Is 
sufficient to serve as an accumulator, thereby accepting variations In test section 
liquid hold-up. 



Tentative locations of flow, pressure, and temperature transducers are shown In 
Figure 3-13, but further definition of the measurements run! data concept Is in a 
subsequent section. 
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The principal performance parameters are shown Ln Table 3-5 and are based on the 
operating region shown In Figures 3-1 and 3-2. The maximum test section pressure 
drop estimate is an extrapolation from measurements in a similar system (Ref. 20 ) 
and is reasonably consistent with calculation by a method applicable to two-phase, 
homogeneous, turbulent flow (Ref. 22). Maximum input power to the pump and blower 
was calculated from the maximum pressure drop and the estimated efficiencies of 
components as shown in Table 3-G. The estimated power requirement for a llquid/gas 
separator of the tN^pe described in Reference 20 is 75 watts. The estimated total 
maximum power to flow components only (i.e. , excluding lights, camera, and other 
data acquisition components) is 857 watts. 


/ 
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Table 3-5. Harchvare Pei-formance 
Estimate, Flow Reglme/Pressure 
Drop Experiment 


Total Mass Velocity, 
V ontrollable 

0 to b lO k^;/sec-m- 
^0 to 54. G Ib/mln-in^) 

Pump Liquid Flow. 
Controllable 

0 to 0. 1 IG Ur/ sec 
lO to 15. 3 Ib/mlnl 

Blower Gas Flow, 
Controllable 

0 to 0. 019 kg/sec 
jO to 2. 15 lb/mln> 

gualitv. Controllable 

0 to 0. G4 

Separator ip 

TDD* 

Test Section ip. 
Maximum 

20.7 kN'm- 
(3 Ib/ln^) 

.lilower -p. Max- 

TBD** 

Pump Hr. Max. 

TBD** 


•Asaamicni; a motor-driven, rotar>‘ •separator, 
the separator will deliver liquid at a ip that 
is positive but low compared with pump 
ma-\lmum :p. 

•Bv .sizing the plumbim; other thaji the test 
section for low pressure drop, the pump and 
blower JiP's will be nearlv equal and only 
higher tliaji test section \\u 


Table 3-7, Harchvare Performance 
Estimate, Flow Boiling Experiment 


Total Mass Velocity. 
Controllable 

0 to G 10 Kil/sec-m- 
(0 to 5-1. G lb/mtn-in2) 

Total Flow, 
Controllable 

0 to 0. 117 K'K/sec 
(0 to IS. -42 Ib/min) 

Heatlm? Hate, 
Controllable 

0 to 680 watts 

Quality 

0 to 0. G 

Liquid Flow. 
Maximum 

0. IIG Kit/sec 
( 15. 31 Ib/mim 

Vapor Flow, 
Maximum 

0.0 IG Kfi/sec 
(2. il lb/ mini 

Test Section Hr. 
Maximum 

2G kN/m- 
(2.3 lb/ In- ) 

Test Fluid Storage 
Capacity 

111 K« 
(245 lb) 


Table 3-6. Flow Components Power 
Estimate, Flow Regimes/Pressure 
Drop Experiment 



Water 

irump- 

.Air 

Blower 

Maximum Flow 
Power, watts 

2. 1 

.320 

Pump/ Blower 
L'iBciency 

0.5 

0.7 

Motor KBiclencv 

0. 5 

0.7 

.Speed Control 
FfRclency 

0. 7 

0.36 

Maximum Input, 
watts 

13. G 

768 


3.2. 6.2 Flow Boiling Experiment, Overboard 
Dump Concept. I'igut’e 3-15 is a detailed flow 
schematic based on concept lb shewn in Figure 
3-?. The test section and heater have been 
described in Sections 3.2. 1 and 3.2.4, respect- 
ively. The supply tank for liquid Freon 11 will 
contain a zero-g acquisition device as described 
in Section 3. 2. 9. 4. Isolation valves V-1, V-2 
and V-3 are open only during experiment 
operation. R-1 aiid R-2 are adjustable static 
pressure regulators. Forward pressure 
regulator R-1 is set and reset to deliver each 
of the several lower test section pressures 
shown In Figure 3-3. Back pressure regulator 
R-2 is adjusted to obtain the desired flow rate 
at each selected test section pressure. The 
R-1 to R-2 pressure difference will be the 
pressure drop of the test section. An alternate 
procedure is to set R-2 first and adjust R-1 to 
obtain the desired tlow rate. Tentative 
locations of tr;msducers are shown in Figure 
3-15, but further definition of the measure- 
ments and data concept is in a subsequent 
section. 

Table 3-7 summarizes major performance 
characteristics of the experiment flow 
components, l-lu-ximimi electrical p('wer 




consuinption for thej;e components only (excluding lights, camera, and other data 
acffjisition elements) is estimated to be 700 watts and is due to the electrical heating 
element on the test section. 


15.2. <1.3 Flow Boiling Kxperiment, Liquid Recycle Concept. Figure 3- 10 is a detailed 
flow schematic based on concept bb shown in Figure 3-12. The test section and heater 
have ijcer. described in Sections 3. 2. 1 and .'5. 2. 1, respectively. The supply tank for 
liquiti Fr-.-on-il will cont.ain a zero-g acquisition device as described in Section 3.2..0. 1 
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Isolation valves V-1, V-2, V-3 and V-4 are normallj' open only during experiment 
operation. The liquid loop can be scavenged in a manner to return liquid to the supply 
tank by operating the pump while \’-l and V-2 are open and V -3 and V-4 are closed. 

The loop can also be scavenged to vacuum by opening V-4 with V-2 closed. 

Adjustable static pressure regulator R-1 is set to deliver each of the several lower 
test section pressures shown in Figure 3-3. Back pressure regulator R-2 is thon 
adjusted to obtain the desired flow rate. The R-1 to R-2 pressure difference w J1 be 
the pressure drop of the test section. 

There is a 1780 to 1 I'ange in vapor flow and 159 to 1 I'ange in liquid flow from the test 
section, as calculated from the operating range shown in Figure 3-3. Flow control is 
based on a liquid/gas separator of the t\pe shown in Figure 3-14, The bjpass line 
with regulator R-3 (Figure 3-16) is for maintaining a nearly constant liquid level in the 
liquid/gas separator so that (a) the separator will not overflow and allow' liquid 
luscharjje overboai J, and (b) the separator will not be pumped dry and allow vapor 
ingestion into the pump. 

With the separator rotating at cor.stant speed, the liquid discha^e responds to 
liquid volume (radial height) in the separator. This discharge pressure is sensed as the 
signal pressure to regulator H-3 (Figure 3-16) which responds by varying the t.vpass 
flow. The manually set variable speed control on the pump motor (Figure 3-lC) is for 
reducing the extreme range in b\pass flow. A 20 to 1 range in pump deliveiy- tcSgether 
with a 10 to 1 regulator range will provide up to a 200 to 1 bypass flow range. 

Tentative locations are show-n in Figure 3-lG, but further definition of the measurements 
and data concept is in a subsequent section. 

Estimates of performance parameters are the same as show’n in Table 3-7 except that 
the test fluid storage capacity requirement is about 14 Kg (31 lb) expended plus 4 Kg 
(9 lb) inventory in the recycle loop for a total of 18 Kg (40 lb). The estimated 
electrical power (excluding lights, camera, and other data acquisition elements) Is 
700 watts to the electrical heating element plus 37 watts to the pump motor for a total 
of 812 w'atts including 75 watts for separator. 

3, 2. 7 PRELIMINARY CONCEPTS COMPARATIVE EVALUATION. The screening of 
Sections 3, 2. 5. 6 reduced the candidates to one for the Flow Regtme/Pressure Drop 
Experiment and two for the Flow Bolling Experiment. Comparing Figure 3-15 with 
3-16, together with the text of Sections 3. 2. 6. 2 and 3. 2. G. 3, It is evident that the 
overboard dump concept is much less complex (ban the liquid recycle concept. Weight, 
volume, input electrical power, and heat rejection are estimated to be close enough 
In the two concepts that a selection would not be significantly Influenced by these 
properties. An important consideration is w'hether fluids may be dumped overboard 
from Spacolab in the quantities shown in Table 3-4. In terms of quantity overboard, 
the liquid recycle concept is about eight times better th;ui total overboard dump. Both 
concepts arc reb.ined for further consideration. 
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3. 2. 8 EXPEIUMENT INTEGIIATION CONCEPTS. Some degree of Integration of the 
Flow Boiling Expex'inient with the Flow Regime/Pressure Drop E.xiaeriment is attain- 
able by sharing components. Figure 3-17 shows the Flow Boiling with overboard 
dump concept of Figure 3-15 added to the Flow Reglme/Pressure Drop experiment that 
was shown in Figure 3-13. Additional valves make it possible to isolate each experi- 
ment from the other. The shared com.ponents are the test section and the attached 
transducers. 

Figure 3-18 shows the Flow Regime/Pressure Drop concept of Figure 3-12 added to the 
Flow Boiling with liquid recycle concept of Figure 3-1't. Here the shared components 
are the test section with transducers, the liquid/gas separator and the liquid pump. 

In Figures 3-13, 3-17 and 3-18 there is no water storage vessel shown, the concept 
being that the liquid loop contains enough water for continuous recycle in the Flow 
Regime/Pressure Ui-op cx-periment. This requires that the Flow Regime/Pressure 
Drop experiment bo perfomned first. Fpon completion, the water may be evacuated 
overboard from the liquid loop by appropriate opening and closing of valves. In Figure 
3-17, the evacuation of water would be achieved by closing valves V-1, V-5, V-7, V-9, 
and V-11, followed by opening all other valves of the liquid loop. For the configuration 
of Figure 3-18, the v;ilves to be closed for the same purpose are V-2, V-5, V-7, and 
V-9. Following evacuation of the water, the valves may be re-set to perform the Plow 
Boiling e.xperiment. 
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Figiire3-i7. Integrated Experiments, Liquid Overboard 
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I'i^ure 3-18. Integrated Experiments, Liquid Recycle 
3.2.9 ilXPERIMENT HAHDW.ARE CO.MPONENTS 

3.2.9. 1 Controls. Table 3-8 is a list of the controls corresponding to the concepts of 
Figure 3-18. The two-speed control for the llquid/gas separator can be pre-set at 
high speed for the 1-g environment of ground operation and again at low speed for the 
n^'ar 0-g of Spacelab operation, so that during e-xpeidment operation the switch position 
will not be changed. All other controls will be used during experiments and must be 
readily accessible and opei'able. 

3. 2. 9. 2 Instrumentation. Table 3-9 is a list of transducers corresponding to Figure 
3-lo. The ranges given reflect requirements of the experiment operating regions 
shown In Figures 3-1, 3-2, 3-3 and 3-4, The voltage measurement sho\ra is for 
determining heater power input and suffices because heater impedance is constant; 

The two temperature measurements at each of five stations along the test section are 
fluid bulk temperature and tube inner surface temperature, respectively. 

Table 3-10 lists four digital displays and 18 indicator lights. The digital displays are 
of parameters the experiment operator must observe as he positions controls to 
establish each of the flows juid qualities previously discussed. The lights are 
Indicators tliat electrical power is applied to each comi)onent listed. 
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TaVjle 3-8. Controls List (Reference 
FiRXtre 3-18) 


Table 3-9. Transducers List (Reference 
Figure 3-18) 


1 

lion 

Funriion 

Descriptiun 


TA-pe 

Fund 

Hani^e 

1. 

c’ - ; 

Adjust blowiT atJciMi 

Variable freq- 

F-1 

Flow 

-Air 

0 -. 0 2 kg. sec 



and ourjiut, tiiinatU , 

set. ’ 

ucncy Input to 
too 11 z motor. ' 

! F-2 

Flow 

\Vaier or Freon- 11 

0-0. 12 kg.- see 

■J. 


pRHip 

Variable fret} - 

' -X-l 

'.^uaillv 

F reon- 1 1 

0-0. 2 kg, sec 



and uutij'jt. nianual 

uency Input to 

. X-2 

Qualir/ 

Freon- ll 

1 0-0. 3 kg. sec 




400 Mz motor. • i 

’ : 'V 

VoUs 

- 

' 0-125 Vic 


n-\ 

.Adjust test sertton ' 

inlfi pressure* 
nia/iual s»'t. I 

Fonvard press. ' 
reipilator ] 

'5/-l0ps(. 1 j 

p- 

[ 

I’reasure 

; ^Vute^ or Freon- 11 

36.5-110,3 kN/m^aba. 
; (14-lfi psi-a) 

j 

i 1. 


.Adjust Hove of Trt'on i 

IJack pressure ’ 

P-2 


.Atr 

,0-35 k.N' m2 (O-j patg) 



1 1 . manu.Tl set. 

reipilAlo,*. 

P-J 


Freon-l l or MLxed 

- lOo to -35 kN' 'm* 

: 

U-.5 

Maintain iiquicf level 
in .separator. 

.Pneumatic relav. j 

; p_4 


. Alr.XVaier 

(-15 te -5 pslj 5 ) 



.lutoni-alic. 

■ 






C- I 

!Uat<’r ;xnv*iv control. 

Variable tnuis- 







mantwl <ft. i 

former, 400 ll/. 

P-'i 

... 



r. 

V- 

; ri*AV I'H-ol* .sf'lecl. 

Solenoid valve. 

i 




4 _ 

V- 10 

V '..V-b. 

• 7 •* 

TTi' Julatlni'. 

norm.tily closed. ; 
switen opernted, ! 

Manual set now 
control valve. 

T- L 
T-:J 

Tenjpe.”-acui-e 

• *V.iter or Freon-Il 
-Air 

F reon- U or MLxed 

2?3-305X »50-30Fl 
2S3-305K •'iO-3‘)Fi 

2*;:-305K > 2 o-jor. 

3- 

<Aiich 

S.»l**«n teparafor 
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3. 2.9. 3 Test Section. Rome character- 

T-12 

I 


istics of the test section were discussed 

T-13 

Jacket Outer Wall 

1 

" 

in Sections 3. 2. 1 mid 3. 2. 4. Line sizes 
for air flow to and fi’om the test section 

T-U 

T-15 

-Air, .Ambient 

:: 

are 5 cm (2 in). There are conical aflapters 

at each end which taper to the 1. 5 cm 


(0. G in) tjore of the test section. 


3. 2.9.4 Tank and Capillary Acquisition Device. The Freon- 11 storage tank Is shown 
schematically in Figure 3-17 and .3-13 for the liquid overl3oanl and liquid recycle 
.systems. For the liquid overboard system, the 111 kg of Freon-11 requires a storage 
volume of 0.0784 m-1 (2. 77 ft‘^). This is achieved with two tanks (for convenience in 
installation) each 12.2 cm (in. 6 in) In diameter. For liquid recycle the M kg of Freon- 
11 requires a tank volume of only 0.0125 ni'^ (0.91 ft^), therefore a single tank of 
diameter 28.5 cm (11.24 in) is adequate. 


.A choice of two Jluid o-xpulsion systems were selected dependent on a requii'ement to 
conduct experiments in this fanl<. 'I'his requirement wouid necessitate a rigid, 
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Teflon bladder which is collapsed by a 
pressure is less than one atmosphere. 


transparent tank with no moving parts. For 
this option, a surface tension capillary 
screen acquisition system has been chosen 
similar to that reported in detail in 
Reference 33. 

The surface tension device Is shown- fa Figure 
3-10 in a .spherical storage tank in conceptiral 
detail. It could be inodified to a cylindrical 
configui-ation if packaging in our Spacelab 
rack so requires. The channels would be 
2. 5 cm by 0. 7 cm in width comprising two 
great circles intersecting at the outlet. A 
200 >: GOO mesh screen is recommended for 
retention of the Freon-ll. 

An alternative bladder concept for the 
Freon-ll sforage tasik may be less e.vpens- 
ive since such systems are now in use in 
the space program. This bladder concept 
may be chosen if the transparent surface 
ten.sion concept is not suitable or desirable 
for heat transfer e.Kpeiiments and the non- 
transparent ttmk option can be selected. 

This concept utilizes a metal tank with a 
L*nt pressure since system operating 


This configuration is also shown in Figure 3-19. The center tube can be either 
aluminum or Teflon. A similar 53.3 cm (21 in) diameter tank is now in use with the 
Centaur hydrogen pero.xide system and lias been flight qualified; that assembly uses 
100 psl helium gas for expulsion and a Dow CoiTilng 971 1 silicon nibber bladder. 


3. 2. 9. 5 Quality Meter. General Dynamics Convair has had experience in the use of 
the (^antum Dimamics quality meter to measure the quality of hi’drogen in a one-g 
laboratorj' experiment. An inquiry to the m:inufacturer revealed tluat their meter 
would perfonn very' satisfactorily and had been used with Freon in the LEM program 
with success, lie reports an accuracy of ± 0. 5'V for the density measurement which 
translates to a higher accuracy for quality above qualities of one per cent. The 
accuracy of the instrument is sufficient over the range of interest. Instrument drift 
for cryogenic hy'drogen service is reported to be a problem, but this is possibly a 
temperature problem which should be absent with Freon. Williamson (Hef. 34 ) 
discusses devices to measure quality of two-phase flow ;md reports a high degree of 
accuracy for void fraction and quality appears feasible with the capacitance meter 
technique. 
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Figure 3-19. Two Fluid Acquisition Systems Meet Experiment Options 

3.2.10 EnSTALLAIION IN SPACELAB DOUBLE RACK. The installation shewn in 
Figure 1^-20 corresponds to the flow schematic of Figure 3-18 and is for the Flow 
Regime/Pressure Drop experiment integrated with the liquid recycle option of the 
Flow Boiling experiment. In the discussion of test fluids (Section 3.2,2) it was 
proposeej that safety requirements relating to toxicity of Freon- 11 could be met by 
double containment. 'J'ho transparent Lexan panels shown provide fora secondary 
enclosure. The need for this enclosure applies only to components containing Freon- 
11. Thus the cameras, lights, and some other components are positioned outside the 
enclosure so as to be readily accessible for operation imd maintenance. 

The test section was placed outside the enclosure with the objective of minimizing 
degradation of photographic Images. The test section jacket inherently provides 
double containment of test fluids. 
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The installation sdionif sliowi' f.rovidcs for flexibilit\- in ar.p;le and location of cameras 
and lights. Tho cameras can bo ir.iv> r-ecl in a direction pai'allel to the test section, 
and they c;ui be pisoted about ati .'L'-is normal to the lloor. 

The enclosure for the' Freon-euniatn’nc,' com]X)nenis is not recjuired to be transpai’ont 
on all sides. Liaht metal slice* s can be useil to complete sicic sections ;ind the back' of 
the enclosure; it should imt htive an'ss leaks to cabin ambic'Ct. Safety will be enhanced 
if the enclosure is operated at a preasure sliy,hth' i.m, low cabin ambient. This can be 
done by providino; a line from the onclosun; to the small experiment venting assembly 
(Reference 32), wllli the Uno containing a shutoff valve and calibrated orifice that 
allows overboard 'deed of a few envl/sec. This bleed 'Aould be in operation only during 
the Flow Boiling e.xiDcriment and inboard leal.agc of cabin air would maintain the 
pressure balance in the enclosure. 

Fi'aire 3-21 corrospomls to the Row schematic of figure 3-17 ;uid is for tho Flow 
Reglme/Pressure Drop exiicrinicnt intega’au'd with Uic oveiboard dimip option of the 
Flow Boiling experiment. The tv.o Sj.hcrical irmlis for Freon- 11 were .selected 
because they have the stated capacity (T.dilc ",-l) and tliey represent e.xisting hardware 
from .'mother program. Other numtjer of lanfis. si/.cs, ;md shapes couhl have been 
selected. 

3.3 SUPPORTIXO RFQFIRFMFNTS 

3.3. 1 VOLUMF. The arx'angcmcnt of I'igures ;'>-20 ;md 3-21 show that the volume of 
a Spacelab double rack is ade((U'.Uc for tlie concept of integrated e,\])(,‘riments. .Storage 
tank VQliunes were presented in Section 3.2. 9. 1. 

3.3.2 WFIGHT. Table 3-11 is ;m eslinniic of weights for fixed hardware and consum- 
ables for the liquid I'l.'cycb' concej); of Figure 3-lS. It is assumed that all tost fluids 
are jettisoned during preparations for Orbitcr re-entiw, so that photographic film is 
the only consumalde returned to the earth. The quantity of cine film is Ixascd on 120 
data points, 7 seconds of film pci’ data point, iOO frames/second, and packaging in 
1200 ft magazines with one spare loaded magazine. The estimated delta weights for a 
total oveiboard diunp in the Row Iioiling exfreriment (Reference Figure 3-7) are 25 kg 
(5.5 lb) of hardware for a larger Freon storage tmik and 111 kg (245 lb) of additional 
consumables not retumed to earth. Thc' total weight in cither case is within allowables 
fora Spacelab double rack (Reference 32). 

3.3.3 FLFCTRIC.AL POWFH. An e r'.imate of electrical power and cncrg\' requirement 
is shown in Table 3-12. Tlio watt-hours coUunn for tlic Row x’egimc/prossurc di'op 
e.'qxorimcnt is for 80 data points at one minute per data point, except th.at thc cine 
camex'a and light.s arc on 7 seconds per data point, 'llie watt-liours column for tlie Row 
boiling e.xperiment is for 10 data points at two minutes per data point, except that thc 
cine camci’a and light.s arc on 7 seconds per data point. The concepts described 
eai'lier indicate ac inputs in tlie blower and pump motors in ox’der that variable frequency 
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Figure 3-21. Kxperiment 
Installation l\)v Integrated 
Kxperinu'Hls Witli Over- 
board Dam)) of Freon 
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Table 3-11. Weiglits Estimate for Liquid 
Recycle Concept (Ref. Figure ::-H) 


Table 3-12. Electrical Power 
Estimate 
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sp(.-i;(i ctnUi'oLs (. .in l;c used mid to the test 
section heater in order that a variable tran.s- 
foiaiier can be used to control heater power 
input. I'hc blower and heater components 
are not used at the same time. The maximum 
de load 'S about 1100 watts and the maxinuuii 
ac load is about .SOO watts. The latter is 
within the capacity of a single Spacclab 
invei’lcr (Reference .32). 


3.3.1 HEAT RlvIEC'llOX. The maximiun heat 
load cox’rcsponds to the 1552 walt-liours of 
electx'ical energy ('I’able 3-12) e.xpended over 
80 mi.iutes duration of tlie flow I’cgime/prcssure 
di'op e.xperimcnt. This is ;m average I'ate of lltll watts, all of whicli is released williin 
the double rack. The major pai't of this heat load is rejected to tlie cabin environment 
outside the Lexan enclosure. I'he flow boiling e.xperiment lieat load is lower Ilian the 
case aljove. Concepts for accommudating thi.s load arc beyond the scope of tlie ]i resent 
effort. This heat load for the caliin is consistent with Spaecdal) power to cooling 
capability relation. 
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3. 3. .5 CREW. The concepis presented aiv eomiiat ii)le with l■xperiment opt'i-ation bv a 
crew of one. The miLximum crew si/e foi- efRielive :ieeess to controls is limited !i\- 
rack widlli to no more linn two persons. .\-i an.-iiysis to determine o]itimum crew si/e 
is Iieyond the scoyie of tlie present etfort. Tlie e.\],erinient operating time totals imi 
minutes, to wh.ieli nui.st l>e added tin- tiini’ inerements for set -up, elieek-out. eliaiig(‘ 
from ilie first experiment to ilie second, shut-down, ;in<i eNjjeriment securing lor 

;;n 


landing. The total lime, incTudinft experiment operation, i.s estimated to be four hours 
for a crew of two and six hours for a crew of one. 


,3.3.1) DA'l'A assumed that the Command and Data Management 

Subsystem (CDM.S) of Spacelab will be utilized to the extent that its c.apabilities meet 
experiment needs for data quality, :uid that it may l)e supplemented by e.xpcriment- 
specific signal-conditioning equipment where justified by need for higher response or 
accuracy. Experiment to CD.M.S data signals will be via a standard CDMS Remote 
Acquisition Unit (RAD). 

No high frequency response requirements have been identified. In previous flow' regime/ 
pressui'e drop exi^eriments (Ref. 20 ) the m.aximum recorded frequency of pressure 
fluctua'ions was only 30 liz. 


Table 3-13 lists in two groups the 27 analog signals corresponding to the 27 transducers 
sliown in Table 3-9. The first group contains tlie nine measurements in which high 

accuracy is most critical to experimental 


Taljle 3-13. Measurement Accuracies 
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results. The accuracies listed are 
representative of good transfer capabilities 
and imiiose a requirement for e.xperihient- 
specific signtd processing to pi'eserve high 
accuracy. The operational amplifiers, A/’C 
converters, shift registers, and/or otlier 
electronic components tire estimated to have 
a voliune of 0. 028 m^ (1 ft^) and a w'eight of 
f) kg (11 lb). 

Tito second group in Table 3-13 has 19 
measurements that are of inlere.st but may 
be of lower accuracy. These analog signals 
may bo input flirectly to the RAU. It is also 
desirable to record on-off cycles of all 
electrical components, including cameras, 
lights, blower, pump, separator, and all 
valves. This gives rise to the 19 discrete 
.signtils stated in 'I’able 3-13. 

Visual records w'ill constitute an Important 
part of the data. High speed color motion 
pictures have already Itcen discussed The 
estimate of experiment weight further 
includes allowance for a standard 35 mm 
camera :md film fur one exposure per data 
pol.'it. Prior evaluation of flowing Ixilllng 
phenomena has l.H.-en productive. The 
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changes ia tlie lluii! boluu’ior in tlic i’eiluued-(>ravity environment should be enlightening. 
Marly photograpliic evaluation oi Freon boiling by General Klectric (Reference 30 ) 
indicates the clarity of tlie obser\ation for clianges in vapor quality with distance along 
the tube. The cliange of quality witli heated surface area is shown in Figure 3-22. 



-7“ F Subc. .X = 0. 015 x 0. 022 



X - n. 00 

Figure 3-22. Pholograi>liie Hvakuition of I’low Ueliavior With F.r«att-at Ijow 
\' a]ior Qualil\', Nucleate Boiling .\lJO\e and .Slug Flow Below 
(General Flectric Co. , Scheneerady, New York, Ref. 35) 

3.4 OPFRATING P ROC KD FH KS 

The procc'dures outlined lielow are consistent with the assumption of integrated ex)Dori- 
ments as represented by Figure 3-18. In scope, the procedures defined are limited to 
pre-(?.\]:)criment preparation and once-through performance of each e.xpeiiment at a 
scheduU'd lime during a Spacelab mission. It is assumed that the o.xi^eriraentr, will be 
performed sevc'ral times in a ground facility prior to flight. While there may be minor 
differences lietween groiuid and in-tlight procedures, the objective should be to keep 
them as nearly identical as possi!)le. It is also ;issumed that the Bvo-phase flow I’egime/ 
pressure drop and the flow Ijoiling e.xpcrirnents will be performed consecutively without 
interruptions. 

3. 1. 1 I’RF-FXPFimiKNT 'MlKl’ARA'noX 

a. Remove and stmv anv f((uiimient cowi's anrl/or restraints that may be required as 
launch envi ronnna'.t protcetion. 

I). Confirm .all switeh' s ai'e in the Oi-'l-' position. 

c. Assure all l■|•:vulatol■.~- are set at a How position. 

d. Assure llial all manual \al\’es are closc'd. 




e. ConfinTi tJ)at all motor variable s[H'ed conli'C)l.s are set at minimum speed, 

f. Clieck that camera posUioti, aim, :uid focus are correct, and that a loaded film 
maga?inc is in place. 

g. Switch experiment main power ON. 

h. Switch photographic lights and camera ON, observe for correct function, then 
switch OFF. Time on should be just long enough to verify function. 

i. Switch power ON to transducers, signal conditioning electronics, and displays. 

j. Operate Comnumd and Data Management Subsystem (CD.M8) as required for input 
of data signals. 


If the foregoing reveals any defects or deficiencies that would prevent correct and safe 
experiment operation, including data acquisition, correction should be accomplished for 
each dcioct at the time obsetved and before proceeding to the next step. 


3.4.2 FLOW HEGIMF/PRFSSURF DROP EXPL’RLM KNT PROCEDURE. (Refer to 
Figures 3-18 and 3-23. 
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Figure 3-23. Data Point Sequence, Flow Regime/ 
Pressure Drop K.xperiment 


a. Switch separator ON. 

b. Switch V-9 OPEN, 

c. Switch V- 10 OPEN . 

d. .Switch blower ON. 

e. Advance blower speed 
control C-1 to approxi- 
mately half speed. 

f. Switch Y-3 OPEN. 

g. 'I’um regulator R-3 
fully OPEN. 

h. Switch pump ON. 

i. Adjust pump speed 
control C-2 and/or 
bypass valves V-6 and 
\'-8 to obtain the liquid 
flow data point 1. 
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j. Adjust blower spee-’ control C~1 and/or bypass valves V-5 and V-7 to obtain the 
gas flow for data point 1. 

k. Ti’igger lights/camera operation (automatlcallv timed). 

l. Repeat i. , j. , and k. sequentially for data points 2 through 4G. Interi'upt as 
necessary to change film magazines. 

in. Repeat i. , j. , and k. for any unscheduled data points suggested by observations of 
r.ow patterns and data. 

3.4.3 EXPERIMENT CHANGEOVER PROCEDURE (Refer to Figure 3-18). , 

a. Switch pump OFF. 

b. Switch blower OFF. ^ 

c. Switch V-9 CIOSED. 

d. SWite?r¥^'^t8>=CLOSED. 

e. Turn V-5 CLOSED. 

f. Turn V-7 CLOSED. 

g. Turn V-G OPEN. 

h. Turn V-8 OPEN. 

i. Turn R-2 OPEN. 

j. Slowly turn V-4 OPEN to discharge water overboard. Wait long enough to dry 
all inteiior surfaces of the apparatus. 

k. Turn R-2 CLOSED. 

l. Slowly turn V-2 OPEN to partially re-pressurize recycle loop. 

m. Slowly turn V-1 OPEN to fully re-pressurize recycle loop. 

n. Adjust piunp speed control C-2 to approximately half speed. 

o. .Switch V-12 OPEN. 

p. Switch V- 11 OPEN. 
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Switch pump ON. 


r. Turn V-G CLOSED. 

s. Turn V'-8 CLOSED. 

t. Adjust heater power control to ZERO. 

u. Switch heater power ON. 

3.4.4 FLOW BOILING EXPERIMENT PROCEDURE (Refer to Figures 3-18 and 3-24). . 

The following is consistent with the data point sequence shown In Figure 3-24. 

a. .Adjust R-1 to the approximate test section inlet properties (pressure, temperature, 
quality) for data point 1. 

b. Adjust R-2 and pump speed 

FI.IID; KIU:i'N-n 

KACfi .'.mtO'.Vw r.FPUSSKNTS '.,rAUTV CIIANOK FliOM TEST SKCTION 

ENTilASrE Tf - EXIT Mi ILK 11!E TEST SECTION IS HEA TED AT A UNIFORM AVA. 

'I IS i'( INSTANT EXCEPT!:. ITiE mOI< .N I.AnKI.PED I'nNSTANT 


control C-2 to the approxi- 
mate flow for data point 1. 



Figure 3-21. Data Point Sequence, Flow Boiling 

E.xperiment L) 
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Adjust heater power control 
to the heat input for data 
point 1. 


set point conditions for data 
point 1. 

Trigger lights/camera 
operation. 


e, sequentially for data points 
2 through 28. 

Repeat a. , b. , e. , d. , and 
e. for any unscheduled data 
points suggested by obser- 
vations of flow patterns and 
data. 


a. Switch heater power OFF. 
Turn V-1 CLOSED. 


OF POOR 



Turn H-2 OPEN. 


c. 


(!. Turn R-1 OPEN. 

e. Switch pump OFF. 

f. Switch separator OFF. 

g. After discharge of Freon overboard, turn V-4 CLOSED. 

h. Turn R-2 CLOSED. 

i. Switch experiment main power OFF. 

j . Stow film . 

k. Replace any equipment covers and/or restraints that may be required for re-entry/ 
landing environment protection. 

3.5 VARIABLES 

In the discussion following, the term "primarj’ variable” is used to mean one which is 
directly set or adjusted by the experiment operator as he manipul.ites controls of the 
experiment apparatus. Thus the adjective "priman’” is specific to the hardware and 
is not intended to imply priority in any other context. 

3, 5. 1 FLOW REGIME/PRESSURE DROP EXPERIMENT. The primary variables are 
liquid mass velocity, , ojk! gas mass velocity, Gg, from which are derived the 
parameters discussed in Section 3.2.3. 1, namely total mass velocity, G, and gas 
quality, x. A secondary variable, dependent or. Gi and Gg, is the test section pressure 
drop, AP, which will be measured by transducers at 5 stations along the test section. 
Considering that flow regimes may change along the test section, it should be possible 
to select the AP related to an observed regime. The flow regimes may be considered 
as variables induced by others, and a purpose of the e.xperiment is to produce the flow 
regimes shown in Figure 3-23. 

3.5.2 FLOW BOILING EXPERIMENT. The primary variables are the test section , 
entrance pressure, Pj, the test section exit pressure, P 2 , and the test section 
electrical heat input, q^. The mass flow rate, W, is dependent on P^ aiid P 2 - The 
temperature of the stored Freon-11, Tq. together with 1’^, determines the fluid 
entrance temperature, T^, and quality, Xj. Net heat, q, to the test fluid will be qQ 
minus losses to surroundings. W :md q jointly determine quality at exit, X 2 . Using 
dimensions of the test section, the heat flux, q/A, can be calculated. Also, using 
local teinpcj’ature measurements of the fluid and the test section inner surface, a heat 
transfer coefficient, q/AAT, can be calculated. This heat transfer coefficient can then 
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be related to the obsei-ved flow boiling pattern of that location. 


3.G DATA 

Hie measurements capabilities of the proposed hardware configuration have been 
presented in Figure 3-18, Table 3-9, ;uid Section 3. 3. G, It is expected that data from 
magnetic tapes may be reproduced as a digital print-out or computer input. The 
following discussion relates specific measurements to experiment objectives. 

3.6.1 FLOW REGIME/PR K.8SURE DROP EXPERIMENT 

3.6. 1. 1 Quality. Liquid mass flow, W’l, from, flowoneter F-1 (Reference Figure 3-18), 
and gas mass flow, Wg, from flowmeter F-2, will be used to calculate quality: 
X-W^(Wi-Wg). 

3.6. 1.2 Mass Velocities. Liquid mass velocity is - Wj/A, where A is the 
measured test section Row area; and gas mass velocity is Gg = Wg/A. Total mass 
velocitj' is G ■ Gz Gg, 

3, 6, 1.3 Flow Regime Boundaries. By viewing motion pictures, an obseiwed flow 
regime may be identified with each data point. By plotting data points on G vs X 
coordinates, boundary maps similar to Figure 2-lcmay be produced, The boundaries 
for low-g mns may then l)o compared with boundaries for 1-g runs. The results will 
be applied to fulfill the objective of a reliable definition of flow regime boundary shift 
with the chmge in g-level. 

3, 6. 1. 1 Other Flow Parameters. The local densities Pi and ?g may be deterr ined 
from the pressure and temperature measurements at the transducer stations along the 
test section. .Also, the liquid volumetric flow rate, Q^, and the gas volumetric flow 
rate, Qg, are available from flowmeters F-1 and F-2. From these, calculations can 
be made of-gas volumetric flow fraction, )3g, Froude number, Fr, and dimensionless 
liquid velocity u|. These parameters may be used as coordinates for flow regime 
boundary maps as shown In Section 2, and the bound: :y shifts may be Identified. It 
may be found that each boundary' shift is best defined by a unique coordinate combination. 

3, G, 1. 5 Pressure Drop. Tlie purpose of pressure measurements at several stations 
along the test section is to identify a. pressure di'op with that portion of the test section 
where a particular flow regime is observed. Pressure firop characteristics of like 
flow regimes can then be compared at 1-g and near zero-g. Also, pressure drops 
without regard to flow regime may be compered in the manner shown in Figure 2-3. 

The results sliould fulfill tlie obicctive of reliably defining frictional pressure drop 
change with change in g-level. 


ORIGr.'.M. IS 

OF Poor quality 
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3. G.2 FLOW BOILING EXPERIMENT 


3. 6. 2. 1 equality. The quality can be calculated from the priiaary variables which 
define the state and from the energy added in the test section. An isenthalpic 
expansion from Tq, Pq to Tj, Pj^ defines inlet quality. Outlet quality is Xi r (q ihrp/hfg). 
This method will be utilized but it will be backed-up by quality meters which define 
inlet and outlet quality for the test section. Ground testing will confix-m the agreement 
between these measurements. 

3. 6. 2. 2 I.ocal Heat Transfer Coefficients. With tlie heat flux to the tube from the value 
of q/A, the local heat transfer coefficient will be evaluated for the measured tempera- 
ture differences based on local measui-ed values of T, the fluid temperature and T^, the 
wall temperature. These results will be used to evaluate the Nusselt number, hDAf, 
for vci’ification of existing correlations or detemxining required modifications. 

3. G.2. 3 Pressure Drop. Several correlations relate the heat transfer coefficient to 
the friction coefficient. Pi'essure drop data must be taken during the heat transfer 
e.xperiments if tiiese cori’elations are to be confirmed. Fi'om mass velocities, qualities, 
and propei'ty data, the existing correlations can be examined. 

3. G, 2. 4 Heat Transfer Regimes. Visual observations will be used in conjunction with 
the measured variables to define the flow regimes occurring in conjunction with the 
heat timisfer tests. The heat transfer data is known to ixe sensitive to the regime, 
therefore correlations are frequently developed for a particular regime. These 
regiond were indicated m Figure 2-G showing the transition fx’om subcool’ed boiling 
with bubbly flow to the liquid deficient region with droplet flow. 

3.7 EXPERIMENT COSTS 

Experimental costs were detennined to proceed with the two-phase flow experiment 
through Level I\' integration for SPACELAB. Cost estimating relationships (CER's) 
developed during past cost analysis activities performed by Convair on space 
e.xperhneiit systems and during, the Space Transportation Systems Payloads and Data 
Analysis (SFDA) study (Contract NAS8-294G2) were used. The cost categories in this 
model are based on a hardware-oriented work breakdowm structure. The CER's in this 
model relate cost to mateiial, subsystem tj-pe, and weight. Propfram parameters 
calculate non-recurring costs (development) and recurring costs (procui'ement and 
operations). Where applicable, externally generated point estimates were used. 

Several specific high cost hardwai'e items were based on vendor quotes and on similar 
existing hardwai'e costs. 

A total of seven high cost hax'dware items were identified and are specified In Table 
3-14. Film magazines are used wliich are reloadable; in-flight. loading can reduce 
the costs of 27. IK in the table by a factor of 4, 
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Table 3-14, High Cost Hardware Items 



Quantity 

Cost in 
Development 

77 K Dollars 
Unit 

Total 

Test Section 

1 

22.9 

11. 1 

34.0 

Blower/Motor 

1 

15.0 

10.0 

25.0 

Freon Tank 

1 

24.5 

7.9 

32.4 

Sensor Electronics/Signal 

1 

32.4 

14,0 

46.4 

Conditioning 
Quality .Meters 

2 

_ 

25. 0 

25.0 

Film Magazines 

8 

- 

27. 1 

27. 1 

Secon(iary Structure 

1 

52. y 

33. 7 

86. C 

Totals 


147.7 

128.8 

276.5 


In atidition to high cost hardware which are covered ui'.der experiment hardware in 
Table 3-15, the remaining costs for the experiment were detomiined. A total cost 
summary is presented in Table 3-15. 


In arriving at these costs, a series of groundrules were required and ceiTain assump- 
tions were made. These areas are outlined in the remainder of this paragraph. 

Table 3-15. Cost Summai'y, Two Phase Flow Exi^eriment 


Experiment Hardware 

Systems Engineering and Integration 

System Test(^) 

Ground Support Equipment 
Support Operations 
Initial .Spares 
Ground Operation 
lUission Operations 
Facilities 

Program Management/Administration 
Total 

Gr:md Total 


Cost in 77K Hollars 


Development 

Producti.m 

Operational 

389.8 

238,3 

- ' 

69.0 

- 

- 

77.5 

23.3 

- 

10.0 

- 

- , 

- 

- 

TBD 

29.7 

- 

- 

- 

- 

30;o(2) 

- 

- 

TBD 

0 

- 

- 

28.8 

13, 1 

1.8 

604.8 

275.2 

37.8 


917.8 


(1) No system test hardware - test peiTormed on flight articles. 

(2) Level IV Integration only. Level Etl/n, I, Post Mission, and Maintenance 
Hefurbislunent TBD. 
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'I’he costs arc estimated in current/constajit FY '77 dollars. The costs are estimated 
for nonrecurring (development), recurring production (unit flight hardw'are), and 
certain portions oi the recurring operation phases. Prime contractor fee is not 
included in these estimates. It is assimied that only one article (the flight article) 
is produced and all engineering development tests, qualification test.s as necessarj’ 
ai’e carried out using the one unit which is refurbished prior to flight. All purclia.sed 
components are assumed qualified aerospace t\pe off-the-shelf hardware and little 
or no development or testing effort is required. Fabi’icateci components require 
normal design, muilysis and testing. 

No facilities are required chargeable to the experiment. It was assumed tliat eight 
1200 ft film magazines were required. If these magazines cm be reloaded in flight 
only one or two are required. 

.A multipm-jiose high fidelity .'^pacelab rack mockup will be required as a dimensional 
tooling aid, integration mockup, test st:md, and e.xperiment shipping structure. It is 
assumed that no flight rack will be provided prior to Lt.wel I\' integration. 

it was assiuncnj that only stajidard ai^d available test equipment and servicing equip- 
ment (water :uid Freon) was required and the only experiment charge.'-dne GSF ma\ 
be some special tools and shipping related items. 

No heat exchmger iiderface with finally, this cost data is 

provided for planning purposes only. 




CONCLUSIONS AND RECOMMENDATIONS 


The review of future NASA applications indicates there are several areas where designs 
of hardware are not fixed which can benefit from iniproved correlations for reduced- 
gravity hvo-phase flow. Major applications are spui^c storage of cryogenic propellants 
and space power systems as well as new crj’ogenic vehicles. Experiments in the earlj- 
1930' s v;ill be timely for these applications. 

The correlations to date for flow regime, pressure drop, and heat transfer are all 
empirical indicating the need for further investigation Into the mechanism of the process. 
More important, those empirical equations do not adequately predict the shift in flow 
regime with changes in gravity-level. Meanwdiile, controvers}' continues over the 
nucleate boiling contribution in reduced-gravity. The test environment of Spacelab with 
sufficiently low-g and sufficient duration is required. 

The conceptual design study confinns the feasibility of the reduced-gravity hvo-phase 
flow experiment in Spacelab and it is recommended that the detailed design proceed. 

A combined experiment is outlined in which the test section was selected to Im* a 1. 52 
cm fused quartz tube 90 cm in length. Water-cabin air are the test fluids-for a 
combk'.cd flow-regime pressure drop study because of the ex^^erimental ease of an open- 
loop air closed-loop water system. Freon- 11 is the recommended test fluid for the heat 
transfer study. The fotmer experiment provides steady-state operation at a specific - 
quality affording improved regime definition in low-g. The heat transfer study Involve.s 
a change in quality with distance along the tube with the result that hvo or more regimes 
may result for a given test in some regions of the flow map. 

One consideration in system operation is the overboard dumping of fluids, particularly 
Freon. Both liquid- recycle and overboard-dump systems are presented as options. 

The liquid-recycle with 14 kg (30 lbs) of Freon is more complex; howe'ver, it is volume 
efficient. The overboard dimip with 111 kg (245 lbs) of Freon dumped is the preferred 
system for reasons of simplicity and it also provides two 42 cm (17 in) diameter trans- 
parent tanks lor other experiments. In either case the experimental design proposed 
has sufficient sp:me for integration of additional fluid/heat transfer experiments In the 
double rack. This experiment integration can make use of common cameras, lights, 
electronics/signal conditioning and controlSi 

A wire-resistance heating element of 079 watts will provide the design heat fluxes for 
the experiment. This does not provide dryout at the higher flow rates, but only at the 
lower two flow rates. .Additional heater power ould bo considered. The flow regimes 
cover the saturated boiling regime but can bo extended with ease to subcooled boiling 
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and to n study of t'ne tr.'uisitlon into the dispersed (droplet) flow regime. A metal- 
film I'csistiuice heater remains as an altemato concept but it is even more severely 
limited in imocimum power. The m.'iximum power to the total experiment is 1897 watts 
with a total usage of 2929 watt hours in approximately six hours. 

The test duration is six hours total, comprising 80 data points in the flow regime- 
pressure drop sequence in 80 minutes and 40 points in the heat transfer tests in 80 
minutes.with additional time for changeover and set-up. . 

Px'ograin ccst.s are 005K dollars for development and 312K dollars for production of 
a single uivit for test and flight. This total program cost of 917K dollars is reasonable 
and justified in view of the increased design data wMch can be achieved as well as the 
general increase in our knowledge of this complex phenomena of two-phase flow which 
is so widely used in our earth-bound operations. 
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